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Abstract 




Natural organic matter (NOM) is one of the most abundant forms of organic 
matter on the earth's surface. Because of its agricultural and environmental 
implications, it is essential to have a basic understanding of the structure and 
composition of NOM. This dissertation is an attempt to look how the studies of 
soil / sediment interaction with hydrophobic organic contaminants contribute to 
understanding the structure of NOM. 
The potential of polyaromatic hydrocarbon (PAH) and its metabolite to 
form bound residues was quantified. The formation of bound residues by 
naphthalene and its metabolite, cis-naphthalene-1,2-dihydrodiol, in a sediment, a 
silty loam soil and a peat under both sterile and nonsterile conditions was 
examined. The results showed that bound residue formation is low for 
naphthalene and between 5 and 20 times higher for the metabolite. The 
formation of naphthalene bound residues is probably due mainly to noncovalent 
interactions between the contaminant and natural organic matter. The formation 
of the diol bound residue is primarily the result of the covalent binding of the 
contaminant molecules to parts of organic matter. 
V 
vi 
Noncovalent interactions between NOM and PAHs were also investigated. 
This investigation proceeded through thermodynamical analysis of the sorption of 
PAHs on whole and lipid-extracted geosorbents. Removal of the lipids was found 
to increase the sorption capacity of the samples as well as the exothermicity of 
the process. The entropy changes were small and positive for the whole 
geosorbent samples, but smaller and more negative when the lipids were 
removed. This indicated that the interaction of PAHs with soils and sediments in 
the absence of extractable lipids is stronger and the mechanisms involved may 
be different, changing from a partitioning-like mechanism to specific adsorption. 
Because of the competition between lipids and PAHs for the same sorption sites, 
the lipids can be viewed as an "implicit sorbate". This conclusion points to an 
alternative explanation for sorption behavior of NOM that does not make any 
specific assumptions about the structure of NOM. 
The final part of the dissertation deals with the glass transition of NOM, 
considered proof of a polymeric nature, that have been inferred from sorption 
studies. Both thermal analysis and variable temperature solid-state NMR were 
unable to give a definitive answer concerning the existence of a geosorbent glass 
transition. However, the data do show the presence of a thermal event in 
geosorbent. This was identified as being due to the melting of the crystallites 
present in the geosorbents and not to a glass transition. 
vii 
Based on the findings of this research, this dissertation has shown that 
NOM models derived exclusively from sorption studies should be very cautiously 
applied until supported by direct experimental verification. 
viii 
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Chapter I 
INTRODUCTION 
1. An introduction to natural organic matter 
Natural organic matter (NOM), the nonliving organic matter in natural 
environments, is one of the most abundant form of organic matter on the earth's 
surface (Woodwell and Houghton, 1977; Woodwell et al., 1978; Hedges et al., 
2000). More organic carbon is present in soil, recently deposited marine 
sediments and dissolved in seawater than in all land plants and in marine 
organisms combined. Because of its abundance and persistence NOM has a 
great impact in modulating temperatures at the globe's surface (Bolin, 1970; 
Woodwel et al., 1978; Aiken et al., 1985; Piccolo, 1996). NOM has major 
functions in soils that control their physical and chemical properties (Waksman, 
1936; Hayes and Swift, 1978; Stevenson 1982; Tisdale et al. , 1985; Brady, 
1 
1990). For example, buffering capacity, metal-binding capacity, transport and fate 
of contaminants, stability of aggregates of soil particles and water-holding 
capacity all depend on the amount and nature of organic matter in a soil. 
Because of its agricultural and environmental implications, it is essential to 
have a basic understanding of the structure and composition of NOM. In spite of 
the large number of studies, there still exists a diversity of views regarding the 
structure of NOM. This is not only due to the complexity of the systems and of 
the processes which generate NOM in each single environment, but also to a 
sometimes less than scientifically rigorous approach to these studies such as an 
inappropriate comparison between fractions of NOM obtained by different 
extraction methods. 
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The term NOM, as is used in this dissertation, represents a 
heterogeneous mixture of organic materials composed of compounds belonging 
to recognizable classes of organics (polysaccharides, polypeptides, lipids, altered 
lignins) and to the class of organic compounds identified as humic substances 
(HS) (Stevenson, 1994). Humic substances (HS) are defined as " naturally 
occurring, biogenic, heterogeneous organic substances that can be generally 
characterized as being yellow to black in color, of high molecular weight and 
refractory" (Aiken et al., 1985). They are mixtures, not discrete compounds. They 
are operationally classified into three fractions based on their solubility in 
aqueous solutions (Aiken et al., 1985). Fulvic acid is the fraction which is soluble 
under all pH conditions, humic acid is the fraction which is soluble at alkaline pH 
values but precipitates at pH < 2, and humin is the fraction of HS which is not 
soluble in aqueous solution at any pH value. There are different techniques to 
obtain the fractions of HS (Hayes, 1996, 1997, 1998; Fagbenro, 1985; Rice and 
Maccarthy, 1989, 1990; Swift, 1996; Malcom and Maccarthy, 1992) but the most 
widely used and generally accepted is still the classical extraction method that 
uses dilute NaOH solution. Because of the broad definition of HS there are 
considerable dif ferences in interpretation of what HS means. There are studies 
that use the terms NOM and HS interchangeably, either because they are 
considered identical or because the contribution of non-humics materials is 
neglected because it is too small. These situations are more evident when the 
description of the NOM models is presented in Chapter II. 
2. Objectives 
This dissertation will focus on how the studies of soil / sediment interaction 
with hydrophobic organic contaminants contribute to an understanding of the 
structure of NOM. The specific objectives are :  
1. Describe the type of forces involved in the interaction of soil / sediment 
NOM with polycyclic aromatic hydrocarbons (PAHs) under conditions 
approximating environmental conditions. 
2. Describe the mechanism of interaction of soil / sediment NOM with 
polycyclic aromatic hydrocarbons (PAHs) when noncovalent forces are 
involved. 
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3. Examine the validity of the NOM model derived exclusively from studies of 
soil / sediment interaction with contaminants. 
This dissertation has eight chapters. Chapter II contains a literature review 
of the models of NOM and is intended to give to the reader a simple and 
organized picture of the progress made in this research area. Chapter Ill contains 
the description and characterization of the geosorbents used at different stages 
of this research project. Chapters IV and V focus on objective one and two, 
respectively. Objective three is the focus of Chapter VI and VII. Lastly, 
conclusions as well as possible future research are presented in Chapter VIII. 
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Chapter II 
LITERATURE REVIEW OF NATURAL ORGANIC MATTER MODELS 
There are two major perspectives about the structure of NOM / HS*. One 
suggests that NOM / HS are molecular associations of relatively small 
molecules held together by weak interaction forces . The second proposes that 
NOM / HS are macromolecular ranging in size from relatively small to very 
large. Each one of them constitutes the basis of several models (Figure 1 ). 
1. Molecular association models 
A. Membrane-Micelle Model 
Wershaw (1986) proposed a model in which NOM is pictured as "being made up 
of ordered aggregates of plant degradation products". In aqueous systems the 
degradation products that are amphiphilic will assemble spontaneously into 
ordered aggregates with a hydrophobic core and hydrophilic exterior surfaces. 
These aggregates, consisting mainly of lignin (Wershaw, 1990), carbohydrate 
and lipids components (Rice and Maccarthy, 1989) can adopt different 
configurations similar to micelles, bilayer membranes or liquid crystals. 
* Some models use NOM and HS as interchangeable terms or assume that because HS 
are the majority in NOM the overall structure will be the same. 
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Models of SOM / HS 
Molecular association Macromolecular 
Membrane-Micelle Model 
Supramolecular Model 
Figure 1. Classification of NOM models. 




According to Wershaw (1992), the aggregates most likely exist in soils and 
sediments as bilayer membranes coating mineral grains and as micelles in 
solution. Wershaw is using biological membranes made up by lipids (Tanford, 
1980) or different types of amphiphilic molecules (Fendler ,  1984 ), to develop the 
membrane-micelle model. The general characteristics of model biological 
membranes as possessing a liquid-like hydrophobic core (Quinn, 1981 ), or 
hydrophobic core consisting of polar functional groups bounded by weak 
interactions to other polar groups (Fendler, 1984 ), multicomponent aggregates 
(Small, 1971 ), and a gel phase formed from hydrogen bonded aggregates (Rees 
and Welsh, 1977), all contribute to the basis for Wershaw's model. In this model 
NOM is envisioned as a membrane that coates a positively-charged mineral 
grain. The humic membrane-like aggregates have a liquid-like hydrophobic 
interior and hydrophilic exterior surfaces that are considered as separate phases. 
The membrane is composed of amphiphiles containing one or more carboxylate 
groups. The spatial distribution of the carboxylate groups will determine the 
amount of amphiphilic character of the molecule. The composition of a NOM 
membrane is not uniformly hydrophobic like a typical lipid membrane. Wershaw 
proposed that the interior has regions composed of molecules with polar groups 
that are hydrogen-bonded to other polar groups decreasing the polarity and 
gaining some hydrophobic character (Wershaw, 1992). 
The model pictures the soil humic substances as large molecular 
associations formed by aggregation or self-agreggation of smaller molecules. It 
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does not contain an actual geometric configuration of the humic aggregates, 
considering the most probable one is the structure coating mineral grains, bilayer 
(membrane) or monolayer (hemi-micelles) but does not eliminate the formation of 
micelles and vesicles dispersed in solution or even the presence of free 
aggregates. 
B. Supramolecular Model 
First introduced by Piccolo (Piccolo et al., 1 996; Piccolo, 1 997; Conte and 
Piccolo, 1 999), this model is closely related to the one introduced by Wershaw. 
They describe HS as supramolecular associations of relatively small molecules. 
Humic superstructures are not joined by covalent bonds but are stabilized by 
weak forces such as dispersive hydrophobic interactions (van der Waals, n-n, 
and CH-n bondings) and hydrogen bonds (especially at low pH). The humic 
molecules form hydrophilic and hydrophobic domains which can be adjacent to 
or contained in each other, and with water of hydration, form apparently large 
molecular associations. The conformation of HS is determined by intermolecular 
forces and the complexity of the multiple non covalent interactions that control 
their reactivity. It is worth noting that when trying to compare his model to the 
polymeric models, Piccolo (2001)  showed that under catalytic oxidation the 
superstructures of HS can be turned into covalently linked structures of high 
molecular size. 
Both models offer a non-polymeric perspective on the structure of NOM. 
Usually they are treated together in literature reviews because the differences 
between them are conceptually insignificant. Moreover, both models are based 
on evidence obtained primarily from molecular weight experiments. 
Wershaw's model, less complicated than the one introduced by Piccolo, 
offers a clear picture of how the author envisioned NOM, and how it applies to 
the macroscopic characteristics of NOM. Trying to create a more general model 
Piccolo fail� to offer a strong and entirely valid description of NOM. His model is 
too focused on proving that HS are not macromolecular polymers rather than 
showing that HS is a supramolecular structure. Moreover, Piccolo says that "HS 
may be present in soils as associations of relatively small molecules", 
emphasizing the weakness of the evidence presented (Piccolo, 2001 ). 
2. Macromolecular models 
A. Random Coil Model 
Swift and coworkers (Cameron et al., 1972; Swift, 1999) proposed a 
flexible, expanding, random coil model for humic substances in solution. They 
saw the macromolecular character as the only plausible explanation for the HS 
known properties as: mode of formation, irregular molecular structure, and ion­
exchange behavior. A randomly coiled HS molecule in solution is visualized as a 
long strand with charged and hydrated functional groups distributed along its 
length. The molecular strand will bend randomly with respect to time and space 
to form a random coil with a roughly spherical molecular shape that is neither 
rigid nor condensed. This molecular conformation has a Gaussian distribution of 
mass about the center; the mass density is greatest at the center and decreases 
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to zero at the outer limits of the sphere. The actual shape of the mass distribution 
will vary depending upon pH, counterions, charge density and solvent (Hayes 
and Swift, 1978; Hayes and Swift, 1990). The solvent can permeate through the 
whole structure and exchange with the bulk solvent. The solvent molecules 
would move relatively freely through the outer parts of the structure but would be 
more restricted or even trapped through the center. 
The authors tried to explain the properties of humic substances in the solid 
state and solution using the same macromolecular picture of humic substances. 
In solution, HS are like a macro-ion or polyelectrolyte with the charge sites fully 
or largely dissociated. In this state the molecules will be expanded and highly 
solvated, able to flex, rotate and respond to external factors by rearranging the 
groups within the molecule. lntramolecular expansion, salvation forces and 
intermolecular charge repulsion are the forces responsible for maintaing the 
molecule in solution. In the solid-state, freely dissociated ions are replaced by 
strongly bound ions and intra- and inter-molecular charge repulsion largely 
disappears. The molecules collapse and excess solvating water is excluded, 
increasing the opportunity for weaker or short-range forces to become significant. 
Hydrogen bonds, dipole interactions, and van der Waals forces will play an 
important role. Under normal environmental conditions, soil and sediment humic 
molecules in the solid state are unlikely to be in a fully condensed structure and 
will contain enough water to still retain some flexibility and solvent accessibility. 
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8. Glassy/Rubbery Model 
The glassy/rubbery model of soil organic matter was derived from the 
Distributed Reactivity Model for contaminant sorption by soils and sediments 
introduced by Weber and collaborators (Weber et al. , 1992; McGinley et al. , 
1993; Young and Weber, 1 995). The model is based on the hypothesis (Weber 
and Huang, 1996) that soil organic matter can be treated as two different classes 
of macromolecular aggregates, an amorphous class (soft carbon) and a 
condensed class (hard carbon). The existence of the amorphous domain was 
developed from studies which revealed that fulvic and humic acids are sorbed in 
a monolayer on mineral surfaces (Murphy et al. , 1990; Murphy et al. , 1994; Gu et 
al., 1994) and once dissolved in aqueous solution have a tendency to form 
micelle-like structures, with a hydrophobic core in the center of aggregates 
(Wershaw, 1992; Engebretson and von Wandruszka, 1994). The condensed 
domain consists of condensed SOM, kerogen-type material, having some degree 
of crystalinity and less polar character. The existence of this domain is based 
also on the X-ray diffraction studies of fulvic and humics acids (Schnitzer, 1978; 
Schnitzer et al., 1991) showing two broad peaks corresponding to a tightly 
packed aromatic sheets and less tightly packed aliphatic chains. The condensed 
domain is less accessible than the amorphous one and it is assumed that it is 
either located in the outer regions of soil aggregates or associated with the finest 
particles of the bulk soil sample (Weber and Huang, 1996). 
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The authors performed numerous sorption experiments to test their 
hypothesis, that resulted in an impressive series of 1 4  papers on this topic 
(Weber et al., 1 992; McGinley et al., 1 993; Young and Weber, 1 995; Weber and 
Huang, 1 996; Huang et al., 1 996; Weber and Young, 1 997; Young and Weber, 
1 997; LeBoeuf and Weber, 1 997; Huang et al., 1 997; Huang and Weber, 1 997; 
Huang and Weber, 1 998; Johnson et al., 1 999; Johnson et al., 2001a ;  Johnson 
et al., 2001b). Based on their analogies between sorption on polymers and 
sorption on soils/sediments (isotherm nonlinearity, competitive sorption, aging, 
increase linearity with temperature, hysteresis) and the discovery of the glass 
transition in a humic acid (LeBoeuf and Weber, 1 997) the authors expanded their 
description of the macromolecular character of NOM. They envisioned the soft 
carbon domain as a highly amorphous and swollen NOM, analogous to a rubbery 
polymer and the hard carbon domain as a condensed and relatively rigid organic 
matrix, analogous to a glassy polymer. 
C. Dual-Mode Sorbent Model 
The model introduced by Pignatello (Xing et al., 1 996; Xing and Pignatello, 
1 996, 1 997) is based on the physical concept of NOM as being a flexible polymer 
but having also an internal nanopore structure, like a polymer-mesh phase rather 
than a fixed pore network. He also considers that NOM is bound to mineral 
particles, ranging from a monolayer on the mineral surface to a three­
dimensional phase attached to mineral grains. 
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Pignatello visualizes the polymeric phase as a three-dimensional 
entanglement of macromolecules which is perfused with water and which retains 
many of the counterions. Humic acid colloids become more condensed and less 
solvated towards their centers. The natural NOM is "likely to vary continuosly 
from a highly expanded and flexible structure to a highly condensed rigid 
structure". This model actually utilizes the same analogy with glassy and rubbery 
polymers as does Weber's model. Pignatello ( 1996, 1997) goes even further with 
the analogy and proposes that the holes from NOM (long-lived sorption sites) are 
like the closed internal pores (voids) of glassy polymers. The dual-mode 
mechanism of sorption assumes that (by analogy with glassy polymers) the 
sorbate molecules show a dual population of mobile and immobile molecules. 
The last two models presented are closely related to each other, the dual­
mode sorbent has simply added the porosity concept to the glassy/rubbery 
model. They were both developed to explain the sorption characteristics of 
hydrophobic contaminants to NOM. They are based on analogies between 
sorption data on soils and synthetic polymers. All their conclusions about the 
microscopic structure of organic matter are drawn from macroscopic sorption 
observations, which itself is a significant limitation in model validation. Moreover, 
the analogies used by Weber and Pignatello come from a limited set of soils 
used and an even smaller number of polymers; even the behavior of glassy 
polymers (considered here as a model) is not well documented. 
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It is worth noting the evolution of the terms used by Weber to describe the 
two domains of SOM. Initially there were hard and soft carbon or condensed and 
amorphous structures. If the soft carbon was assumed by the reader to consist of 
HS, the hard carbon is clearly identified by the author as kerogen-like material. 
Later Weber defines the domains as glassy and rubbery phases, polymers that 
have high and low, respectively, glass transition temperatures. In his effort to 
unite the two definitions, Weber assumes that hard is glassy and soft is rubbery. 
In this way HS become part of hard carbon defined previously as kerogen-like. 
Probably realizing the conflict of his own definitions, Weber tried to clarify the 
issue by saying that the terms hard and soft did not mean two distinct types of 
carbon but rather "two operational measures that might be used to correlate 
organic matter maturation and heterogeneity with observed difference in soil or 
sediment sorption behaviour" (Johnson et al., 1999). 
The operational definition of HS and the ambiguous use of the term 
"glassy polymer'', together with the use of Aldrich humic acid as a model for HS, 
raise questions about the overall validity of this model. (The Aldrich humic acid is 
not considered representative of soil or water humic acids (Malcolm and 
Maccarthy, 1986) because of the lack of information on the origin, extraction 
method or any pretreatments of these commercial samples. )  Weber's model 
does not prove that NOM is a mixture of polymers with a range of glass transition 
temperatures. It shows the presence of materials with high sorptive capacity and 
characteristics of a polymer which has a glass transition under 100°C. I t  is 
1 5  
recognized that soils may contain kerogen or charcoal materials responsible for 
high uptake of contaminants. These materials are considered different and 
distinct from humic materials. It is also known that the soil may contain polymers, 
like lignin or cellulose, that do have a glass transition. Lignin was shown to have 
a glass transition below 100°C (LeBoeuf and Weber, 2000). 
Chapter I l l  
CHARACTERIZATION OF GEOSORBENTS 
1. Description of the geosorbents 
The samples used at different stages of this project fall in the following 
categories: environmental samples and standard samples. 
A. Environmental samples (characteristics are given in Table 1) 
• The marine sediment sample was obtained from San Diego Bay 
Harbor, California, USA. It was collected by Dr. Sabine Apitz, at 
Latitude 32° 40.416 N and Longitude 117° 06.962 W (Kohl et al., 
2003). 
• The mineral soil samples were collected from eastern South Dakota, 
USA, by Scott Kohl (Kohl, 1 999) and are referred to as the: 
- Poinsett soil, described as a fine-silty, mixed Udic Haploborolls 
(Malo, 1994 ). 
- Allivar soil, described as a sandy, mixed Udic Haploborolls (Malo, 
1 994). 
- Hetland soil, described as a montmorillonitic Vertie Argiborolls 
(Malo, 1994). 
• The Guanella peat soil sample was collected by Scott Kohl from a 
boggy soil on Guanella Pass, Clear County, Colorado (T55, R74W, 
S20), and was described as Cryohemist Soil (Moore, 1986). 
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B. Standard samples 
The International Humic Substances Society (IHSS) collects, distributes 
and maintains standard samples isolated from soil, peat, leonardite, and river 
water. A standard sample must satisfy all four of the following criteria: 
- must have come from a site specifically designed by the IHSS for this 
purpose; 
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- must have been prepared according to a specific procedure designated 
by the IHSS; 
- the previous operations must have been conducted under the direct 
supervision of the IHSS; 
- must be designated as a standard by the IHSS. 
The standard samples (characteristics given in Table 2) used during this 
study were the: 
- Pahokee Peat Soil, a typical agricultural peat soil of the Florida 
Everglades was described as euic, hyperthermic Lithic Medisaprists 
(http://www.ihss.gatech.edu). 
- Leonardite, produced by the natural oxidation of exposed lignite, a low 
grade coal and was collected from Gascoyne Mine in Bowman County, 
North Dakota (http://www.ihss.gatech.edu). 
Only the environmental samples are described and characterize in detail in this 
chapter. The standard samples, briefly presented here, are characterized in 
Chapter VI I. 
Table 1. Properties of environmental samples. 
Surface area Fulvic Acid Humic Acid Humin 
Sample C %  (m2/g) % % % 
Sedimentt 1 .0 1 0.6 ± 1 .4 9.4 1 .6 85.0 
Poinsett Soiltt 2.9 1 2.3 ± 0.9 24.0 1 0.0 59.6 
Allivar SoWt 2.2 1 0.2 ± 1 .5 1 9.2 1 1 .7 69.1 
Hetland Soiltt 2.2 41 .0 ± 3.0 22.5 8.0 70.2 
Guanella Peatt 26.0 10.9 ± 0.4 na 33.5 24.3 
t This work 
tt Data from Kohl ( 1 999). 
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2. Distribution of organic carbon among particle size fractions 
2.1. Experimental section 
The particle size fractions were obtained by physical fractionation of the 
samples using a combination of wet sieving and sedimentation after ultrasonic 
dispersion (Shang and Tiessen, 1998). 
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Soils and sediment subsamples of 30 g were prewetted overnight and 
sonicated in 180 ml of deionized water in a 500-ml beaker, for 8 min with a ½ " 
W/ sapphire horn assembly. Samples were cooled in an ice bath to reduce 
heating during sonication. The dispersed sample was passed through a 53-µm 
sieve to recover the sand fraction. The fractions that passed the sieve were 
separated by gravity sedimentation into silt (50 - to 2 µm) and clay fraction (< 2 
µm). They were poured up to a 20 cm height into a column with total length of 60 
cm and volume of 4L. After 15 hours of sedimentation, the suspension (20 cm 
high) containing the clay fraction was removed. The process was repeated three 
times. At the end, CaCl2 (5mmol/L) was added to flocculate the clays. The 
residual water was centrifuged to separate the silt fraction. Silt and clay fractions 
were dried in oven at 55 °C. 
The sand fraction was further fractionated into a light sand fraction and a 
heavy sand fraction by density fractionation. After treated with sodium 
metatungstate solution (density = 1.80 g/cm3) the suspension was allowed to 
settle for few minutes. The organic matter was collected, filtered through a 
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Millipore filter (pore size = 0.45 µm), washed with deionized water and then dried 
in the oven at 55 °C. 
The total organic carbon in the solid samples was determined with a 
Shimadzu TOC-VSCN total organic carbon analyzer combined with the SSM-
5000 Solid Sampling Module. The instrument operates by catalytically oxidizing 
organic matter under a flow of CO2-free air and measuring the amount of CO2 
produced via infrared absorption. 
2.2. Results and Discussion 
Environmental samples contain particles with different size range, from 
pebbles down to submicron clay particles. There are various systems of size 
classification that generally divide the particles into three major categories, 
sands, silts and clays, which can be further subdivided into smaller classes. I 
adopted the classification used by the U.S. Department of Agriculture, which 
divides the particles into sand (< 2000 - 50 µm), silt (<50 - 2 µm) and clay (< 2 
µm) size particles (SSSA Book Series 5, p. 383). 
The results obtained for the sediment, the three mineral soils and the peat 
are presented in Figure 2. The sediment contained 80.2% sand and less than 5% 
clay. The mineral soils, which had similar organic carbon contents, were different 
with respect to their texture. The Poinsett soil contained a high percent of silt 
(81.23 % ) consistent with its classification as silt soil. The Hetland soil had lower 
silt content (70.02 %) than the Poinsett but higher clay content (11.53 %). The 
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Figure 2. Particle size analysis for San Diego sediment (SD), Poinsett soil (PS), 
Allivar soil (AS), Hetland soil (HS), and Guanella Pass peat (GP). 
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soils and also the highest percent of clay (19.40 %), again consistent with its 
classification as a sandy loam soil. The peat had a small percentage of clay (10.4 
%) and the rest of the mass is almost equally distributed between sand (46.1 %) 
and silt fraction (43.5 %). 
The distribution of organic carbon among particle size and density 
fractions (Figure 3) was calculated as percent of total organic carbon (sum of 
carbon of fractions) existent in a particular fraction. Most of the organic carbon 
was contained in the silt and clay fraction of each sample, in agreement with the 
data obtained by Baldock et al. (1991) for other systems. 
Samples that had high silt content showed accumulation of organic carbon 
in the silt fraction. The sediment, the Poinsett and Hetland soils, and the peat 
had between 50 % and 60% of organic carbon in silt fraction. The Allivar soil 
which had the same proportion of silt and clay fraction showed accumulation of 
organic carbon in the clay fraction. 
The density fractionation method used to separate the light (< 1.8 mg m-3) 
and the heavy (> 1.8 mg m-3) material in the sand fraction concentrated the 
organic carbon in the light fraction for the Guanella peat. Significant amounts of 
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Figure 3. Distribution of organic carbon among the size and density fractions for 
the San Diego sediment (SD), Poinsett soil (PS), Allivar soil (AS), Hetland soil 
(HS), and Guanella Pass peat (GP). 
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3. Carbon type distribution of geosorbents and its fractions. 
Quantitative solid-state 13C DP MAS NMR was used to examine the 
particle size and density fractions as well as the whole materials. The distribution 
of organic carbon was calculated by integration according to the following 
chemical shift regions: 0 - 50 ppm, aliphatic carbon ; 50 - 108 ppm, carbohydrate 
carbon; 108 - 162 ppm, aromatic carbon ; 162 - 212 ppm, carboxyl carbon, using 
software supplied with the spectrometer operating systems. 
3.1. Experimental section 
Quantitative analysis of samples was performed by 13C solid state NMR 
using the technique introduced by Mao et al. (2000) that consists of four pulse 
sequences performed in the order listed: 
1. Spectrometer set up. Cross-Polarization Magic-Angle Spinning (CPMAS) 
sequence was run to adjust the magic angle, to calibrate the pulse length and 
to adjust the Hartmann-Hahn match condition to achieve optimum cross­
polarization. It was also used to reference the spectra by using glycine which 
is characterized by chemical shifts at 43.6 ppm and 176.4 ppm. 
2. Cross-Polarization Total Sideband Suppresion (CP-TOSS). This sequence 
minimizes baseline distortion due to dead-time at the start of detection using 
a Hahn spin echo before detection. The exact timing of the start of detection 
was determined on a mixture of 13C-labeled amino acids, with signals at both 
ends of the 13C chemical-shift range. 
25 
3. CP/T 1-TOSS. This sequence was used to measure the T/ relaxation 
time, to provide an efficient determination of the required recycle delay in the 
DPMAS experiment that allows the acquisition time to be minimized. The 
standard DPMAS uses a recycle delay of 5 T/ but in the approach proposed 
by Mao et al. (2000) recycle delays of 1.3 T 1 c or even less can be used. In 
reality, this sequence determines the signal fraction that has not relaxed in 
the time used. By modifying the CP-TOSS sequence (introducing a T1 filter) 
the signal decays from full intensity towards zero as a result of T 1 c relaxation. 
The best results are achieved when the remaining signal is small because the 
correction to the DPMAS will be small. 
4. Direct Polarization Magic-Angle Spinning (DPMAS). This sequence uses 
the direct excitation of carbon nuclei, compared to cross polarization 
technique that uses indirect excitation of carbon through an energy transfer 
from proton to carbon nuclei. The reason that the method was not widely 
used before was the disadvantage of long recycle delays required. The 
spinning rate of the sample was 13 kHz so the largest sidebands are 
suppressed to less than 8% of the centerband (Herzfeld and Berger, 1980) 
and placed outside of the region of the centerbands. 
Spectra with good resolution and low signal-to-noise ratio, are related to high 
organic carbon content of the samples as well as to low content of paramagnetic 
species (Wilson, 1 990). The presence of paramagnetic species, most commonly 
iron and manganese, causes line broadening, spinning side bands and can make 
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the carbon intimately bound to them "invisible" (Skjemstad et al. , 1994; Preston, 
1996; Schmidt et al. , 1997). The effect of paramagnetic species on the spectral 
quantification is significant unless the samples have C/Fe >>1 (Arshad et al. , 
1988). One of the methods reported to remove the iron associated with organic 
matter and the oxides of iron is the reduction method by treating the samples 
with dithionite (Mitchell and McKenzie, 1954 ). This method did not significantly 
improve the quality of the spectra in this study. The slight effectiveness of the 
method was also supported by a small increase (about a factor of 2) in the C/Fe 
ratio according to magnetic susceptibility measurements (data not shown). 
The second approach of eliminating paramagnetic species is to remove mineral 
matter and so obtain a relative enrichment of organic carbon. It is suggested that 
for samples containing < 5% organic carbon it may be necessary to concentrate 
the carbon (Baldock et al. , 1992). The physical methods described previously 
(size particle and density fractionation) did not seem to produce the desired 
organic carbon enrichment so the samples were treated with 2% solution of HF 
(Keeler and Maciel, 2003). Without significantly changing the distribution of 
organic carbon, this method improved the quality of spectra by obtaining a better 
resolution and signal-to noise ratio in a smaller amount of spectrometer time 
(Figure 4). 
The removal of paramagnetic species was assessed by CP/T1 -TOSS. 
Before HF treatment the relaxation was fast which made the acquisition of 
spectra impossible. After HF treatment the decrease in the intensity of spectra 
with the filter time used allowed to determine the relaxation time (Figure 5). 
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The peat sample had a C:Fe >10 so no treatment was necessary. That 
was also the case for the Leonardite and Pahokee peat, IHSS standard samples. 
3.2. Results and Discussion 
A. Bulk samples 
The 13C DPMAS spectra of the sediment, mineral soils and peat are 
shown in Figure 6. All spectra showed broad but resolved peaks for carbons in 
alkyl (0 - 50 ppm), carbohydrate (50 - 108 ppm), aromatic (108 -162 ppm) and 
carboxyl (162 - 212 ppm) regions of the spectrum. A major peak that appears at 
29 ppm dominates the aliphatic area for all samples. The strong resonance 
occurring at this chemical shift indicates the presence of long chain 
polymethylene structures (Hatcher et al., 1979). Several other shoulders, at 15 
and 20 ppm, are also present in the spectra of mineral soils and are due to the 
methyl carbon either from short chain hydrocarbons or the terminal group from 
long chain n-alkanes (Kogel-Knabner, 1997). The geosorbent aliphatic carbon 
contains extractable lipids and other aliphatic components, possible biopolymers 
like cutin and suberin (Rice and Maccarthy, 1989; Kogel-Knabner et al., 1992; 
Hedges and Oades, 1997). After removal of lipids by solvent extraction the 
samples still contain significant amounts of aliphatic carbon (Figure 7). 
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Figure 4. 13C DPMAS spectra for Allivar soil before (a) and after HF treatment 
(b). 
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Figure 6. 13C DPMAS spectra of the (a) SD sediment, (b) Poinsett soil, (c) Allivar 
soil, (d) Hetland soil, and (e) Guanella Pass peat. 
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Figure 7. 13C DPMAS spectra of the (a) SD sediment, (b) Poinsett soil, (c) Allivar 
soil, (d) Hetland soil, and (e) Guanella Pass peat after removal of lipids. 
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The carbohydrate carbon region contains a strong resonance at 72 ppm 
attributed to alkyl-O carbon and indicates the presence of sugars, cellulose, 
alcohols and ethers. The peat and the mineral soils have a shoulder in the 50-60 
ppm region, characteristic of methoxy, methyne and quaternary carbons (Hatcher 
et al. , 1979). The presence of this shoulder is generally attributed to the presence 
of lignin in terrestrial materials (Deshmukh et al. , 2001 ) .  The resonance at 72 
ppm is characteristic of the ring carbons of carbohydrates (Voelter and 
Breitmaier, 1973) and the anomeric carbons of polysaccharides have a chemical 
shift at 105 ppm. 
The aromatic carbon resonance region is dominated by a peak centered 
at 129 ppm and indicates the presence of unsubstituted and alkyl-substituted 
aromatic carbon (Preston and Ripmeester, 1982). The presence of the phenolic 
carbons is indicated by the resonance in the chemical shift range of 145 and 162 
ppm. The peat has a well-defined peak at 150 ppm and the rest of the samples 
have a small shoulder in this region. 
The carboxyl-like carbon region has a major peak at 172 ppm indicating 
the presence of carboxyl, ester or amide carbon, followed by a small broad peak 
between 190-220 ppm characteristic of ketone and aldehyde carbons. This 
resonance is typically observed in NOM samples. 
The distributions of organic carbon among different structure categories 
(Figure 8) reveal certain differences between the samples: (a) spectra obtained 
for the peat show the highest aliphatic carbon content; (b) the spectra obtained 
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for the mineral soils displayed similar shapes and have the highest aromatic 
carbon content; (c) the spectra obtained for the marine sediment shows a 
predominance of aliphatic carbon but is still different from a classical sediment's 
spectrum. Typically, a sediment has 50% of the total organic carbon in the 
aliphatic region, with the rest being equally distributed among aromatic, 
carbohydrate and carboxyl structures (Hedges and Oades, 1997). The spectra 
obtained for San Diego sediment, with an aromatic content of 30.15 %, is closer 
to the spectra obtained for soils than for a sediment. 
8. Particle size and density fractions 
All fractions showed similar types of carbon with the bulk samples, the 13C 
- NMR spectra acquired being characterized by the same major peaks in 
aliphatic, carbohydrate, aromatic and carboxyl-carbon region (Appendix 1 ). They 
also showed variations with particle size, density, and source of environment of 
the sample used. 
The carbon type distributions of the particle size fractions isolated from the 
sediment, the three mineral soils and the peat are presented in Figure 8. An 
increase in aliphatic and carbohydrate carbon was found in the clay fraction of 
the San Diego sediment. For the same environmental sample, the percentage of 
the aromatic carbon was higher in the silt than in the clay fraction. No significant 
change occurs between the carboxyl carbon amount for the particle size fractions 
of the sediment. 
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Figure 8. Organic carbon distribution (% w/w ) for particle size fractions and bulk materials for 
San Diego sediment, Poinsett soil, Allivar soil, Hetland soil, and Guanella Pass peat. 
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Differences were also noticed in the carbon type distributions among fractions of 
the mineral soils but the trend was different from the sediment. The aliphatic 
carbon content decreased for the small particle size with an apparent maximum 
in the silt fraction for the mineral soils. The carbohydrate carbon content 
decreased with decreasing the particle size, being concentrated in the light sand 
fractions. An increase in the aromatic carbon content for small particle-size 
fractions was noticed for all mineral soils used. The carboxyl carbon content 
varied with no clear pattern observed. The same distribution trend among the 
fractions was noticed for the Guanellla peat but the differences were minor 
compared to the mineral soils. 
4. Thermal stability of geosorbents and its fractions 
4.1. Experimental section 
Differential scanning calorimetry (DSC) is a thermal analysis method that 
uses a sample and a reference holder always kept at the same temperature by 
continuous and automatic adjustment of the heater power. A signal proportional 
to the difference between the heat input to the sample and that to the reference 
is recorded (dH/dt). Experimental procedures for DSC are rather simple. For 
analysis by DSC, a 5-20 mg sample of a solid is placed in a small aluminium pan, 
which is subsequently covered with an aluminium lid and tightly crimped around 
the edge. It is then transferred into the DSC cell and heated at a constant rate to 
the desired temperature. The instrument used was a Shimadzu DSC-50, which 
allows thermal analysis of the sample from room temperature to 700°C. 
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4.2. Results and Discussion 
The DSC thermograms for the sediment, the three mineral soils and the peat 
(Figure 9) were very similar to each other, showing similar thermal patterns with 
peaks occurring in the same temperature regions, but with different intensities 
depending on the nature of the sample. The more intense peaks were displayed 
by the peat, which has the highest organic carbon content; the sediment, which 
has the lowest organic carbon content, gave the lowest intense peaks. All the 
thermograms are characterized by an endothermic region between 50° and 
120°C and two exothermic regions, first between 250° and 400°C and the second 
present at higher temperatures, between 400° and 600°C. A narrow endothermic 
peak present at 575°C in almost all the samples is due to the quartz transition (a 
➔ p). The endothermic region with the maximum around 90°C represents the 
dehydration of the samples (Leinweber et al., 1992; Provenzano and Senesi, 
1999; Dell'Abate et al., 2000). 
Lower temperature exothermic peaks were assumed to be due to the 
thermal breakdown of the aliphatics, and to aromatic structures at higher 
temperatures (Provenzano and Senesi, 1999). A contribution from other classes 
of organic compounds such as long-chain hydrocarbons and nitrogen 
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Figure 9. DSC patterns for whole sediment (SD), Allivar soil (AS), Hetland soil 
(HS), Poinsett soil (PS) and Guanella Pass peat (GP). 
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(Dell'Abate et al., 2000). These assumptions are common in the thermal analysis 
literature and are sometimes consistent with the data from pyrolysis-field 
ionization mass spectrometry (Leinweber et al., 1 992) or infrared spectroscopy 
(Provenzano and Senesi, 1999). It should be noted that thermal analysis is 
usually obtained under oxidative conditions (ie, in air). Thermograms obtained 
under these conditions will display the oxidation processes as well as any 
molecular rearrangements. When thermal analysis is carried out in an inert 
atmosphere, either nitrogen or helium, oxidation will be limited and the 
thermograms will be mainly due to the internal transformations occurring in the 
soil or sediment. The impact of the atmosphere under which the thermal analysis 
is carried out is illustrated for the Guanella peat in Figure 10. The thermogram 
obtained under static air condition shows very intense peaks (- 5.39 kJ/g) 
compared with the ones obtained under helium flow (- 0.41 kJ/g). The maxima of 
the exothermic peaks occur at 290°C and 360°C in air but are shifted to higher 
temperatures, 320° and 480°C respectively, in helium. Because no chemical 
differences were noticed between the thermal products in air and under helium 
atmosphere (preliminary DPMAS NMR experiments for leonardite sample) the 
differences observed in thermal stability might be due to either protection of 
mineral matter or to a rearrangement of NOM. 
No strong correlations were found between the intensities of the 
exothermic peaks and the aliphatic or aromatic character for the samples 
investigated in this project. The first peak seems to be sensitive to the aliphatic 
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carbon content. It decreases after the samples are solvent extracted to remove 
the lipids (Figure 11 ). Because no procedure to extract the aromatic moieties was 
applied it cannot be concluded that the first peak is exclusively due to the 
aliphatic components. The second exothermic peak is more intense for all the 
samples regardless of the sample's aromatic content. This peak may be used as 
an indication of the potential of natural organic matter to be chemically active, to 
participate in chemical reactions inside NOM. The absence of it will show a less 
active NOM, as in humin (Figure 1 2). The presence of a high temperature 
exothermic peak will show the potential of NOM to participate in chemical 
reactions and so will correspond to a more active NOM. This concept is also 
supported by the data obtained for the same samples before and after treatment 
with HF. Before treatment, the organic matter is not totally free to participate in 
thermal transformations because is bound to mineral matter. This protection is 
diminished or even eliminated after treatment with HF, so the organic matter will 
be more active. This is seen in the appearance of the high temperature exotherm 
in the thermograms of the sample after HF  treatment (Figure 13). 
Particle size and density fractions of the environmental samples present 
the same DSC pattern as bulk materials (Appendix 2). Differences in the intensity 
of the exothermic peaks and sometimes in their resolution are noticed for some 
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Figure 10. DSC pattern of Guanella Pass peat under static air and helium 
conditions. 
39 
300 1 200 
200 GP 
800 
- 1 00 (') 
� PS 
0 HS 400 









0 200 400 600 800 
T {°C} 
Figure 1 1 .  DSC patterns for extracted sediment (SD), Allivar soil (AS), Hetland 
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Figure 12. DSC pattern of humin fraction of sediment (SD), Allivar soil (AS), 
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Figure 1 3. DSC pattern of whole San Diego sediment (SD), Poinsett soil (PS), 




FORMATION OF BOUND RESIDUES 
1. Introduction 
During the last decade the interaction of organic contaminants with natural 
organic matter has been the subject of increasing scientific interest because of 
the toxicity, bioavailability and transport of contaminants in the environment. 
There are numerous reports that a significant amount of essentially any 
contaminant introduced into a soil or sediment are not extractable by classical 
extraction methods. It is assumed that the contaminant, or its metabolite, is 
bound to organic matter in the material (Isaacson and Frink, 1984; Burgos et al. ,  
1996; Xie and Rice, 1997; Lichtenstein et al., 1977; Kohl and Rice, 1998; Kastner 
et al., 1999; Nieman et al., 1999; Northcott and Jones, 2001). The incorporation 
of these so-called "bound residues" varies greatly depending on the system 
characteristics, microbial metabolic capacity and the extraction methods used. 
Typically, anywhere from 3 to 97% (Kohl and Rice, 1998: Kastner et al., 1999; 
Nieman et al., 1999) of the contaminant introduced into a soil or sediment is 
bound. 
Literature definitions of the term "bound residue" vary (Northcott and 
Jones, 2000), a fact that contributes to the wide range of results obtained in 
laboratory studies. In all cases, it is clear that the term is operationally defined. 
We adopt the definition proposed by Fuhr et al. (1998) which states that: "Bound 
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residues represent compounds in soil, plant, or animal which persist in the matrix 
in the form of the parent substance or its metabolite(s) after extraction. The 
extraction method must not substantially change the compounds themselves or 
the structure of the matrix." 
Efforts to elucidate the mechanisms of bound residue formation have been 
orientated towards identification of the species constituting the bound residues 
and the type of interactions responsible for the binding. The uncertainties related 
to the mechanism of bound residue formation result from the difficulty in 
differentiating between the many types of interactions that can occur in a specific 
environment. Several mechanisms have been described including oxidative 
coupling via enzyme-catalyzed (Suflita and Bollag, 1981 ), mineral surface­
catalyzed reactions (Stone, 1987), and mass transfer phenomena like 
sequestration (Luthy et al., 1997). The most common mechanisms used to 
describe bound residue formation, especially for hydrophobic organic 
contaminants, are based on a partitioning mechanism into soil organic matter 
(Chiou et al. , 1983; Chiou, 1989; Weber and Huang, 1996). In this mechanism, 
the organic compounds are partitioned into the soil or sediment organic matter 
much like an organic solute is partitioned between an organic solvent and water. 
After partitioning, bound residues may be formed by slow diffusion of the 
contaminant molecules within the organic matrix or entrapment in micropores 
within soil aggregates (Steinberg et al., 1987; Pignatello, 1998). A covalent 
binding contribution to bound residue formation was a lso reported in several 
45 
studies, but this contribution was estimated as being very small. For example, 
Richnow et al. (1997) identified ester- and ether-linked metabolite bound 
residues for phenanthrene, anthracene and pyrene in incubation studies. The 
estimated contribution to irreversible binding was 0.26-0.61 % for ester bonds and 
0.05-0.25% for ether bonds. 
The majority of studies exploring the identity of bound residue have tried 
to identify the parent compound or metabolites in bound residues by applying 
different degradation techniques (Northcott and Jones, 2000). Identification of the 
metabolites can be a very difficult task because not only are metabolites often 
present at low concentrations but they can also exist in a system prior to 
contaminant introduction. However, metabolite formation is assumed to have a 
significant impact on the formation of bound residues. The presence of hydroxyl 
and carboxyl groups confers a greater potential reactivity on metabolites than 
that of their parent compounds (Rich now et al., 1997) and therefore a greater 
likelihood to form bound residues. 
As a result, this study was undertaken to determine the potential of 
polycyclic aromatic hydrocarbon {PAH) metabolites to form bound residues 
relative to that of their parent compound. The compounds, naphthalene and (+)­
cis-( 1 R,2S )-dihydroxy-1,2-dihydronaphthalene, were chosen as representative of 
a PAH and the first metabolite produced from it by biodegradation, respectively. 
The initial oxidative step in the metabolism of many aromatic hydrocarbons by 
bacteria is the formation of a corresponding dihydrodiol. The bacterial 
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degradation of naphthalene initially forms cis-napthalene dihydrodiol with 
subsequent dehydrogenation to dihydroxylated derivatives. These products are 
further degraded via ring cleavage producing compounds like salycilate and 
catechol and ultimately to carbon dioxide (Cerniglia, 1984). Metabolites of other 
PAH (Burgos et al., 1996; Kastner et al., 1999; Salloum et al. ,  2001) have been 
studied before but this is the first study of bound residue formation involving 
dihydrodiols that we are aware of. We believe the use of early stage metabolites 
to study bound residue formation can offer insights about the mechanisms 
involved. 
2. Experimental section 
Chemicals. Naphthalene, cis-naphthalene-1,2-dihydrodiol, naphthalene-1- 14C 
and naphthalene-UL-14C (one benzene ring uniformly labeled) were obtained 
from Sigma Aldrich The radiolabeled cis-naphthalene-1,2-dihydrodiol was 
supplied by Dr. Bestetti (Berti et al. ,  2000) from Universita di Milan, Milan, Italy. 
Their method is based on biological transformation of naphthalene to cis­
naphthalene-1,2-dihydrodiol by Escherichia coli JM109 (pPS1778) recombinant 
strain carrying naphthalene dioxygenase and regulatory genes cloned from 
Pseudomonas fluorescens N3. Reagent grade ethanol and dichloromethane 
were purchased from Fischer Scientific. Sample oxidizer reagents, Carbosorb E 
and Permafluor-E and a combustion aid solution "Combustaid" were obtained 
from Packard Bioscience. Ecolume® scintillation cocktail was purchased from 
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Environmental samples. Experiments were carried out with a marine sediment 
from San Diego Bay Harbor, California (Kohl et al., 2002), a mineral soil referred 
to as the Poinsett soil from eastern South Dakota (Kohl and Rice, 1 999), and a 
peat referred to as the Guanella peat from a boggy soil in central Colorado (Rice, 
1986). The samples were air dried and sieved to pass a 2 mm mesh. 
Incubation procedure. The samples were spiked using the procedure described 
by Hatzinger and Alexander (1995). Briefly, 6 g of soil and sediment, or 2 g of 
peat were spiked with 0.5 ml of solution containing 90-110 µg naphthalene in 
CH2Cl2 or 90-400 µg cis-naphthalene-1,2-dihydrodiol in water. All the samples 
were adjusted to a moisture content of 65% of the material's water holding 
capacity with deionized water and incubated in the dark at 20 ± 1 °C for 35 days. 
Sterile samples were obtained by exposing the spiked samples to a 2.5 Mrad 
dose of y-irradiation from a 6°Co source immediately after spiking. The samples 
were periodically analyzed for their bound residue content. At least three 
microcosms of each sample were incubated and extracted. 
Extraction procedure. The sequential extraction procedure used to fractionate 
the added contaminants is summarized in Figure 14 and is described in detail 
elsewhere (Kohl and Rice, 1998). Briefly, wet samples were extracted by 
shaking with 50 ml ethanol and transferred to cellulose extraction thimbles. The 
sample was allowed to air dry and then Soxhlet extracted with 300 ml 
dichloromethane (DCM) for 16 hours. The ethanol and DCM extracts were 
analyzed by liquid scintillation counting. Solvent-extracted soils were air-dried 
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and multiple subsamples were combusted to measure the amount of the not 
extractable radioactivity. Recoveries of 14C-activity were calculated as averages 
of summed 14C-activity recovered from inoculated samples and the 14C-activity 
remained in the samples, divided by the total amount of 14C-activity initially 
added. No volatile 14C labeled products were considered because (1)  no 
significant differences in 14C-activity recoveries were noticed between incubation 
under sterile and nonsterile conditions and (2) Kohl and Rice (Kohl and Rice, 
1 998) reported no CO2 production during incubation of the same mineral soil with 
naphthalene. 
Alkal ine hydrolysis. Subsamples of 2-3 g of solvent-extracted soil or sediment 
and 1 - 1 .5  g solvent-extracted peat were transferred to a 50 ml glass vial and 
mixed with 30 ml 0.5M NaOH. The mixture was allowed to react at room 
temperature for 3 days. The vials were stored in darkness and shaked three 
times a day. The suspensions were then centrifuged and the supernatant 
analyzed by liquid scintillation counting. The supernatant was further fractionated 
by ultrafiltration using Amicon membranes (Millipore, USA) YM3 (molecular 
weight exclusion 3000) and YC05 (molecular weight exclusion 500) in series. 
The radioactivity in each molecular weight fraction was determined and an 
activity distribution as a function of molecular weight was calculated. 
Analytical. The 14C content of solid samples or fractions was determined by 
combustion in a Packard model 307 sample oxidizer. The average 14C recovery 
for all combustions was 1 05 % ± 6. All 14C activities were determined by liquid 
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scintillation counting using a Packard Tri-Garb 21 00TR® l iquid scintillation 
counter. The vials containing the sample and the scintillation cocktail were stored 
in darkness and counted twice. Blank samples for combustion and solvent 
extraction were prepared and were subtracted from the measured sample 
activity. 
3. Results and Discussion 
3.1. Parent compound vs metabolite. Table 3 shows the percentage of 
nonextractable radioactivity at naphthalene incubation times of 1, 7, 14 and 35 
days for San Diego sediment, Poinsett soil and Guanella Pas peat. The 
naphthalene mass balance accounted for 80 % ± 15, 104% ± 4 and 105% ± 20 of 
the original radioactivity applied to the sediment, soil and peat, respectively. The 
amount of naphthalene radioactivity bound to the peat and the sediment was 
relatively low (not more than 4.7% of the total applied), but much higher for the 
soil (up to 25.26% of the total applied). The sample with highest organic carbon 
content, the Guanella peat, shows an unexpectedly low bound residue formation 
(2.35%). Since the organic carbon content of the samples ranged from 1 % to 
26% the amount of nonextractable contaminant normalized to the organic carbon 
content of each sample was chosen to express the affinity of organic matter for 
bound residue formation (Figure 15). Normalizing the bound radioactivity to the 
organic carbon content assumes that binding is entirely due to the organic matter 
present in the sample. 
Incubation sediment soil peat 
(days) sterile nonsterile sterile nonsterile sterile nonsterile 
1 nd0 0.30 ± 0.04a nd 0 . 1 5  ± 0.00a nd 0 . 12  ± 0.0 1 a  
7 nd 0.55 ± 0.06b nd 0.38 ± 0.02b nd 1 .03 ± 0.09b 
1 4  3.82 ± 0.06aA 0.64 ± 0.07cB 1 5.2 ± 1 .?aA 2.31 ± 0 . 14cB 1 .88 ± 0 . 1 3aA 0.38 ± 0.02cB 
35 4 . 18 ± 1 .0 1 bA 1 .01 ± 0 . 16d8 25.3 ± 2.5bA 3. 1 1  ± 0.26dB 2.35 ± 0.1 2bA 0.55 ± 0.05dB 
a nd, not determined. 
Table 3. Average amount (as weight percent) of nonextractable 14C-activity in each sample after 1 ,  7, 1 4  
and 35 days of incubation with naphthalene. Values are the mean ± standard deviations. Values in a column 
followed by the same lowercase letter, and values in a row followed by the same capital letter are not 
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Figure 15. Amount of naphthalene bound residues normalized to the organic 
carbon content for each sample after incubation under sterile (A) and nonsterile 
(B) conditions. The columns represent the mean, and error bars the standard 
deviation. 
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Incubation sediment soil peat 
(days) sterile nonsterile sterile non sterile sterile nonsterile 
1 nda 1 4 .55 ± 0.35a nd 51 .39 ± 4.27a nd 1 3.81 ±1 .50a 
7 Nd 41 .81 ± 4. 1 0b nd 57.45 ± 6.2 1 b  nd 52.45 ± 5.89b 
1 4  22.1 ± 0.9aA 40.91 ± 5.60bB 46.27 ± 1 .75aA 63. 1 2  ± 6.63bB 35.25 ± 3.07aA 69.80 ± 8.06cB 
35 37.2 ± 3.7bA 57. 1 7  ± 5.77cB 50.09 ± 3.50bA 55.04 ± 3.72cB 43.22 ± 4.52bA 72.02 ± 5.24cB 
a nd, not determined 
Table 4. Average amount (as weight percent) of nonextractable 14C-activity for each sample after 1 ,  7, 1 4  
and 35 days of incubation with cis-napthalene dihydrodiol. Values are the mean ± standard deviations. 
Values in a column followed by the same lowercase letter, and values in a row followed by the same capital 
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Figure 16. Amount of cis-napthalene dihydrodiol bound residues normalized to 
the organic carbon content for each sample after incubation under sterile (A) and 
nonsterile (B) conditions. The columns represent the mean, and error bars the 
standard deviations. 
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This assumption is frequently made and is valid for samples with organic carbon 
contents larger than 0.1 % organic carbon (Chiou et al., 1983; Chiou and Kile, 
1998). 
Table 4 shows the amount of the nonextractable activity after naphthalene 
diol incubation times of 1, 7, 14 and 35 days. The naphthalene diol mass balance 
accounted for 92 % ± 27, 67% ± 13 and 81 % ± 15 of the original radioactivity 
applied to the sediment, soil and peat respectively. Bound residue formation is 
much higher for the metabolite than the parent compound; the average binding is 
between 43.22% and 72.02% of the radioactivity applied. Although the peat 
shows the greatest percent of bound residue formation, presumably because of 
its high organic carbon content, it has the lowest affinity for binding the 
metabolite (Figure 16). Moreover the sediment, which has the lowest organic 
carbon content, has the highest tendency to form bound residues with the 
metabolite. 
3.2. Rates of bound residue formation. Increases in bound radioactivity with 
time under both sterile and nonsterile conditions were observed for all samples. 
The change in bound residue formation showed two distinct phases, a fast (less 
than 7 days) and a slow (usually greater than 7 days) phase. Based on the data 
presented in Tables 3 and 4, the zero-order rates were calculated for the sterile 
samples (slow phase) and nonsterile ones (slow and fast phases) (Table 5). 
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Naphthalene cis-naphthalene-1,2-
Sample Conditions dihydrodiol 
Fast Slow Fast Slow 
Sediment sterile 0.0 17  0 .719  
nonsterile 0.30 0.01 6 6 . 14  0.607 
Soil sterile 0.481 0. 1 82 
nonsterile 0 . 16  0.038 51 .40 0.899 
Peat sterile 0.022 0.379 
nonsterile 0 . 12  0.01 2 7 . 1 2  0.506 
Table 5. Rates of bound residue formation (% 14C-activity bound/day) calculated 
as the mean rates between time points. 
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The decrease of binding rate with time (at least one order of magnitude) indicates 
that diffusive mechanisms like intraparticle and intraorganic matter diffusion are 
probably present (Nieman et al., 1999). 
The rate of bound residue formation for the metabolite is higher than for 
the parent compound in all cases except the soil with naphthalene under sterile 
conditions. Because the data obtained under sterile conditions are for 14 and 35 
days only it is not clear where the slow phase begins with the Poinsett soil. The 
rates for both the naphthalene or the naphthalene metabolite under nonsterile 
and sterile conditions are in the same range of magnitude. The fact they are so 
close is not unexpected if a diffusive mechanism is rate limiting, because the 
metabolite is a similar-sized molecule when compared to naphthalene. 
3.3. Sterile vs nonsterile substrate. Bound residue formation by naphthalene 
under sterile conditions was greater than under nonsterile conditions, especially 
for the soil. For the naphthalene metabolite samples, the bound residue 
formation was greater under nonsterile conditions than under sterile conditions 
for all samples. 
Under nonsterile conditions, naphthalene will be biodegraded to the 
metabolite. Due to its higher chemical reactivity, it is assumed that the metabolite 
will participate in more chemical reactions or sorb onto different sorption sites 
than the parent compound. It may also undergo biological transformation forming 
biomass-related compounds, but the quantification of those is possible only when 
structural assignments are carried out (Richnow et al., 2000). 
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Under sterile conditions, the competition between biodegradation and 
binding of the parent compound does not exist. All binding that occurs under 
sterile conditions, particularly for hydrophobic contaminants such as napthalene, 
may be attributed to sorption or physical entrapment of the parent compound. So 
in the absence of biological activity, processes that do not require transformation 
of the parent contaminant may occur more readily (Kastner et al., 1999). 
However, the large difference between sterile and nonsterile conditions 
observed for naphthalene cannot be explained solely by competition between 
sorption and degradation of the parent compound. If naphthalene was 
biodegraded it would have formed the metabolite which, according to our data 
(Table 4 ), binds significantly to all the geosorbents investigated. 
To explore this observation further, we repeated incubation experiments 
(sediment and soil, 1 and 35 days, nonsterile conditions) using naphthalene-UL-
14C, which has one benzene ring uniformly labeled compared to just one labeled 
carbon atom in naphthalene-1-14C.  The results were surprisingly high; 22.4 % ± 4 
of the radioactivity was bound to the sediment and 28.4 % ± 2 was bound to the 
soil after just one day, and the values were almost the same after 35 days (22 % 
± 0.5 and 32 % ± 1.3, respectively). The larger amount of bound residues 
obtained with naphthalene-UL- 14C compared to the naphthalene-1-14C under 
nonsterile conditions may be explained by the effects of metabolism. The 
biological transformation of naphthalene generates metabolites that may 
covalently bind to natural organic matter and become part of it. The metabolites 
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may also be further degraded up to complete mineralization or may be used by 
microorganisms to produce compounds important to the cell for biosynthetic 
reactions. Some of these intermediates may transfer labeled 14C positions into 
biomass that will be assimilated into natural organic matter. Some of the low 
molecular weight intermediates may be also extracted by the solvent extraction 
method used to quantify the bound residues, resulting in these labeled 14C be 
classified as extractable residues. Depending on the labeling position in the 
naphthalene molecule, the 14C may or may be not assimilated to natural organic 
matter because the different carbon positions are not equivalent in the metabolic 
processes of microorganisms. For example, positions one and two will be 
transferred to pyruvate, position four to salicylate and further to CO2 and 
positions nine and ten to catechol. All those possibilities exist under nonsterile 
conditions suggesting that the metabolic process may be a major factor 
governing bound residue formation. 
3.4. Alkaline hydrolysis. Table 6 shows the radioactivity recovered after alkaline 
hydrolysis of samples incubated for 35 days and its association with different 
organic matter molecular weight fractions. The low level of naphthalene binding 
made the measurement of the radioactivity associated with different molecular 
weight fractions difficult for most of the samples. 
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Sediment nonsterile 82 ± 1 2  43 ± 3  0.3 ± 0.04 57 ± 3  
sterile 78 ± 4  39 ± 1 7.6 ± 5.6 53 ± 5 
Soil nonsterile 45 ± 1 .7 1 5  ± 3 9 ± 1 3  75 ± 1 2  
sterile 57 ± 4  2 ± 7  27 ± 21 71  ± 1 9  
Peat nonsterile 28 ± 1 .6 4 ± 0.2 4 ± 1 8  89 ± 1 8  
sterile 27 ± 1 28 ± 9 2 ± 1 2  69.2 ± 8 
naphthalene 
Sediment non sterile 30 ± 1 nd0 nd nd 
sterile 50 ± 6  46 ± 3  35 ± 5  23 ± 1 0  
Soil nonsterile 36 ± 3  49 ± 3  1 4  ± 6 37 ± 2  
sterile 36 ± 2  45 ± 3 47 ± 9 6 ± 3  
Peat nonsterile 2 ± 7  nd nd nd 
sterile 4 ± 0.8 nd nd nd 
a Percent of nonextractable 14C-activity recovered after hydrolysis. b.  c. d Percent of recovered 14C-
activity after hydrolysis with molecular weight >3000, between 500 and 3000, and < 500. e nd, not 
determined. 
Table 6. Distribution of 1 4C-activity with molecular weight after alkaline hydrolysis of 
extracted samples that had been incubated for 35 days. Values are the mean ± standard 
deviations. 
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Alkaline hydrolysis cleaves ester bonds. The bonds broken can be between 
bound organic contaminants and components of organic matter, or solely 
between components of the natural organic matter network. Depending on the 
biological activity, the radioactivity recovered in the first instance will be due to 
contaminant molecules released by hydrolysis, either the parent compound or its 
metabolite. In the second instance, the hydrolysis products can contain free 
contaminant (either the parent compound or its metabolite) previously trapped 
inside the organic matter network or the contaminant that has been covalently 
bound to other organic compounds present in the sample. 
The molecular weight fraction less than 500 is assumed to contain the free 
contaminant (again, either the parent compound or its metabolite), and the 
fractions with molecular weight larger than 3000 are assumed to contain 
contaminant covalently bound to the organic matter or physically entrapped in it. 
A large portion of the radioactivity contained in the sediment-metabolite 
bound residues was recovered, and almost half of it was present in the high 
molecular weight fraction. The amount of bound radioactivity recovered by 
alkaline hydrolysis was lower for soil samples and was even less for peat 
samples. This decrease correlates with the decrease in the potential for forming 
bound residues from the sediment to the soil and the peat (Figure 16). The 
metabolite apparently forms more ester bonds with sediment organic matter, 
mostly with humic material or even becomes a part of it. In the case of soil and 
peat organic matter the metabolite form fewer ester bonds, mostly with small 
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organic molecules. Both soil and peat systems have the same molecular weight 
distribution of radioactivity in solution, with the majority of the products contained 
in the lowest molecular weight fraction. 
A smaller percentage of radioactivity contained in the naphthalene bound 
residues was recovered and the majority of it was present in the high molecular 
weight fraction. The number of ester bonds involved in bound residue formation 
was apparently less than for the metabolite samples. Some of those bonds were 
part of the humic material structure and not necessarily between contaminant 
and parts of organic matter. Because naphthalene will not be metabolized under 
sterile conditions, the formation of bound residues under these conditions may be 
due to diffusion and entrapment of contaminant into the organic matter. During 
alkaline hydrolysis the structure of organic matter will be disrupted and parts of it 
containing physically trapped naphthalene freed to enter into solution. Under 
nonsterile conditions entrapment competes with biodegradation as a mechanism 
of binding naphthalene. Metabolite binding is supported by the increase of 
radioactivity in the low molecular weight fraction compared to that under the 
sterile conditions. 
The differences between the tendencies of each sample to form bound 
residues are due not only to their chemical characteristics but also to their 
physical configuration. 1 3C NM R studies (Figure 8) have demonstrated that the 
peat organic matter has a primarily aliphatic character, and the soil and sediment 
have a more balanced distribution of aromatic and aliphatic character. Still, the 
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soil and sediment behave differently. To test if the mineral matter contributed to 
bound residue formation in the sediment (1 % organic carbon), a separate 
experiment was conducted where sand was incubated with the naphthalene 
metabolite under the same conditions as the sediment. The binding of 7% of the 
applied radioactivity after 30 days was low compared to the sediment. Thus the 
differences may be related not only to the amount and the nature of the organic 
matter but also to the physical configuration of the organic matter and its 
interaction with the mineral matter. 
4. Conclusions 
A sediment, a silty loam soil and a peat were analyzed for bound residue 
formation when incubated with naphthalene and its primary metabolite, cis­
naphthalene-1,2-dihydrodiol, under sterile and nonsterile conditions. Our data 
show that bound residue formation is low for naphthalene and high for its 
metabolite. This provides some insights into the possible mechanisms of bound 
residue formation. 
The formation of naphthalene bound residues is probably due mainly to 
noncovalent interactions between the contaminant and natural organic matter. 
The formation of the diol bound residue is primarily the result of the covalent 
binding of the contaminant molecules to parts of organic matter. The interactions 
appear to depend on the chemical nature of organic matter and its physical 
configuration. Thus, covalent binding may play a major role in contamination 
depending on the microflora present and kinetic considerations. 
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Chapter V 
ENERGETICS OF CONTAMINANT INTERACTION WITH NATURAL ORGANIC 
MATTER 
1. Introduction 
The sorption of polycyclic aromatic hydrocarbons {PAHs) to natural 
organic matter (NOM) is a critical control on the fate and transport of these 
contaminants in the environment (Karickhoff et al., 1979; Alexander, 1995; Luthy 
et al., 1997). Sorption processes depend strongly on the nature of solid phase as 
well as on the chemical structure of the contaminant. The complexity of these 
heterogeneous materials makes it difficult to develop a generalized sorption 
model. 
For some time it has been assumed that the sorption of an organic 
contaminant to NOM is dominated by a partitioning mechanism. Chiou (Chiou et 
al., 1979; Chiou et al., 1983) suggested that "the uptake of neutral organic 
chemicals by soil is essentially a process of partitioning (dissolution) rather than 
physical adsorption". This model provided a means to estimate the contaminant's 
soil-water distribution from its aqueous solubility or solvent-water partition 
coefficients. The supporting data for the partitioning model were the linearity of 
the sorption isotherms for solute concentrations up to 90% of sorbate water 
solubility, lack of competition between multiple solutes, and low enthalpies of 
sorption. However, subsequent studies indicated nonlinear sorption over wide 
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contaminant concentration ranges (McGinley et al., 1993; Young and Weber, 
1995; Gustafsson et al., 1997; Xing and Pignatello, 1997; Kleineidam et al., 
1999; Kohl and Rice, 1999; Xia and Ball, 2000), competitive sorption (Pignatello, 
1991; McGinley et al., 1993; Xing and Pignatello, 1997) and sorption/desorption 
hysteresis (Kan et al., 1994; Cornelissen et al. ,  1998; Weber et al., 1998). 
Moreover, there are studies that show that variations in sorption behavior and the 
partition coefficient Koc between different soils and sediments may be due to the 
nature of the organic matter itself (Garbarini and Lion, 1986; Miller and Weber, 
1986; Grathwohl, 1 990; Lion et al., 1990). All these nonpartitioning-like sorption 
observations raise questions about the validity of partitioning as the sole sorption 
mechanism. To account for some of these observations Chiou and Kile (1998) 
considered other mechanisms, including adsorption onto mineral matter (for low 
organic carbon materials) and adsorption on high-surface area carbonaceous 
materials to explain the nonlinearity and competitive sorption of nonpolar solutes 
at low concentrations. The presence of small amounts of high-surface area 
carbonaceous materials, like charcoal, that exhibit nonlinear adsorption is also 
used by other conceptual models like the distributed reactivity model proposed 
by Weber et al. (1992). This model assumes that sorption occurs in two different 
domains present in NOM, a soft, expanded, rubbery domain and a rigid, 
condensed, glassy domain. It is a composite model that displays both linear 
partitioning into a "rubbery" domain within NOM and nonlinear uptake into a 
"glassy" domain. The dual-mode sorption model uses the existence of internal 
nanopores available for adsorption of solutes of different polarity (Pignatello, 
1998). This mechanism assumes that the sorption process takes place by 
concurrent solid-phase dissolution and hole-filling mechanisms, similar to 
micropore filling within glassy polymers (Xing and Pignatello, 1997). 
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Distinct from those models which consider NOM either as a bulk phase or 
as comprised of different carbon type pools is the "implicit-adsorbate" model 
proposed by Curl and Keoleian ( 1984 ). The implicit-adsorbate model is based on 
simple competitive adsorption between a sorbate under study and an "implicit" 
sorbate initially present on the sorbent. This model assumes that NOM has 
components that function as an "implicit adsorbate" that can desorb and affect 
the partition coefficient for new adsorbing species. The implicit adsorbate is 
assumed to have a two-site sorption isotherm, consisting of Langmuir and linear­
type components. It accommodates both partitioning and adsorption as being 
present depending on the concentration of the implicit adsorbate, and does so 
without making any assumptions about the structure of NOM. The implicit 
adsorbate present at high concentrations occupies both primary and secondary 
sites, so the sorption will be partitioning-like. At low implicit adsorbate 
concentrations, the sorption resembles an adsorption-like process. Without 
identifying the possible implicit sorbate, or needing to identify it, this model 
accounts for observations like adsorption-desorption hysteresis, concentration 
effects, and the endothermicity of the sorption process. 
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Kohl and Rice (1999) have shown that removal of the lipids increases the 
nonlinear character of the sorption isotherms as well as the sorptive capacity of 
the mineral soils studied. They proposed that the lipids strongly compete for 
hydrophobic sites present in the natural organic matter. Lipids are operationally 
defined as organic geochemicals that are soluble in nonpolar, or weakly polar, 
organic solvents such as hexane, benzene or dichloromethane (Bergman, 1963). 
Lipids include molecules ranging from simple fatty acids, alkanes, alkenes, n­
alkyl alcohols to more complex substances such as sterols, terpenes, 
polynuclear hydrocarbons, fats, waxes, and resins (Stevenson, 1994 ). The 
purpose of the present study is to investigate and further understand the role of 
the lipids in the sorption of hydrophobic organic contaminants on NOM. 
Specifically, this work tests the hypothesis that lipids compete with PAHs for 
high-energy sorption sites when they bind to NOM and by doing so, they behave 
as an implicit adsorbate. 
2. Experimental section 
Sorbents. Experiments were carried out with a marine sediment, three mineral 
soils and a peat. The sediment was collected from San Diego Bay Harbor, 
California, USA, and contains 1 % (w /w) organic carbon (Kohl et al. ,  2003). The 
mineral soil samples were collected in eastern South Dakota, USA. They are 
referred to as the Allivar soil (a sandy, mixed Udic Haploborolls, 2.2 % (w /w) 
organic carbon), the Hetland soil (a fine, montmorillonitic Vertie Argiborolls, 2.2 % 
(w /w) organic carbon) and the Poinsett silt loam (a fine-silty, mixed Udic 
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Haploborolls, 2 .9  % wt/wt organic carbon) (Kohl and Rice, 1999). The peat, 
referred to as the Guanella Pass (GP) peat, was collected from a boggy soil in 
central Colorado, USA, and contains 26 % (w /w) organic carbon (Rice, 1986). All 
the samples were air dried and sieved to pass a 2 mm mesh before any 
treatment was applied to them. 
When used with no further treatment the samples are referred to as 
"whole" samples. After removing the lipids by solvent extraction they are referred 
to as "extracted" samples. The lipid extraction procedure is described in detail 
elsewhere (Kohl and Rice, 1999). Briefly, the soil samples were extracted with a 
benzene-methanol azeotrope (3:1, v:v) for 72 hours in a Soxhlet apparatus. The 
amount of extractable lipids was determined by weight after evaporation of the 
extraction solvent. The lipid content of the geosorbents is presented in Table 7. 
Sorbates. Three PAHs, fluorene, phenathrene and pyrene, were chosen 
because they exhibit a range of solubility and hydrophobicity (Table 8). Fluorene 
(purity > 99 %) and phenanthrene (purity > 99.5 %) were obtained from Aldrich. 
Fluorene-9- 14C (15.2  mCi/mmol, purity > 98%) and phenanthrene-9- 14C (8.5 
mCi/mmol, purity > 98%) were purchased from Sigma. Pyrene-4,5,9, 10-14C (5.6 
mCi/mmol, purity > 98%) was purchased from Amersham. Solutions of 0.01 M 
CaCb were used as background electrolyte and HgCl2 (200 µg/ml) was added as 
bioinhibitor. PAH solutions were prepared in the electrolyte solutions at 0.025 x 
the water solubility (Mackay et al. , 1992) from stock solutions of each PAH 
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prepared in methanol. The amount of methanol added from the stock solutions 
was < 0.1 % v/v to avoid cosolvent effects on sorption (Rao et al., 1990). 
Sorption. Batch experiments were conducted in 8-ml glass culture tubes with 
PTFE-lined screw caps containing 25 mg sample and filled to a minimum 
headspace with the PAH solution. They were placed in temperature-controlled 
chambers to maintain constant temperatures of 10°C, 20°c, 30°C and 40°C. 
Blank vials containing only PAH solution were prepared for each sorbate at each 
temperature to account for possible sorption on glass walls or the cap surface. At 
least three replicates of each suspension or blank solution were prepared and 
incubated in the dark with shaking three times a day. After 14 days, the tubes 
were centrifuged for 15 min at 800g, the supernatant collected and the 14C­
activity measured. The amount of PAH sorbed to the soil was determined by the 
difference in the activity between blank tubes and those containing the 
geosorbent. 
Surface area determination. Surface areas of the geosorbents were obtained 
on a Micrometrics ASAP 2000 surface area analyzer. The Brunauer-Emmett­
Teller (BET) method was used with N2 as the sorbate at -196°C. Between 0.5 to 
2.5 grams of each geosorbent sample was degassed at 105°C until the pressure 
was stable at < 10 µm Hg. Surface areas were measured in triplicate or better for 
each sample and calculated using the instrument software. 
Table 7. Lipid content of the geosorbents. 
Samplet SD PS AS HS GP 
Lipids+ 3.77 2.75 3.06 2.83 8.54 
t SD, San Diego sediment; PS, poinsett soil; AS, Allivar soil; HS, Hetland soil; 
GP, Guanella Pass peat. 
:t: Mass % organic carbon extracted as lipids. 
Table 8. Selected properties of the polycyclic aromatic hydrocarbonst 
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Solid state 1 3C NMR. The samples were characterized by quantitative 1 3C NMR, 
using the technique described by Mao et al. (2000). This procedure utilizes 
DPMAS at high rotation speeds (13 kHz), combined with a T/ correction 
obtained from a CP/T1 - TOSS experiment. The recycle delays used for DPMAS 
were determined for each sample, and were between 6 sec and 15 sec. The 
number of scans recorded vary between 5000 and 35000. All samples except the 
whole and extracted peat were treated with d_ilute solutions of hydrofluoric acid 
(Keeler and Maciel, 2003) prior to NMR analysis. The samples were packed in a 
4-mm-diameter zirconia rotor with a Kel-F cap. Spectra were acquired at 75 MHz 
on a Bruker ASX300 spectrometer. The 1 3C NMR spectra (Figure 6) were 
integrated according to the following chemical shift regions: 0-50 ppm, aliphatic 
carbon; 50-108 ppm, carbohydrate carbon; 108-162 ppm, aromatic carbon; and 
162-212 ppm, carboxyl carbon. The distribution among these four major carbon 
types (Figure 8) was calculated by integration using software supplied with the 
spectrometer operating system. 
Data analysis. The distribution coefficient was calculated using : 
(1) 
where Cs is the sorbate concentration in the geosorbent (solid phase) expressed 
in µg/g and c, is the concentration of the sorbate in solution (liquid phase) 
expressed as µg/cm3. All sorption experiments had the same solid-to-solution 
ratio. 
The enthalpy, entropy and free energy change associated with each 
sorption process can be calculated from Kd measured as a function of 
temperature using the following equations: 




LlG = -RTln Kd 






If the enthalpy of sorption is independent of temperature then a plot of In � 
versus (1/T) is linear according to the van't Hoff equation (eq. 2). The errors 
associated with the thermodynamic parameters were calculated from the errors 
in Cs and C1 using error propagation techniques (Skoog et al., 1988). A t-test was 
used to compare the mean values for the whole and extracted samples. 
3. Results 
The sorption of fluorene, phenanthrene and pyrene was monitored initially 
for a period of 28 days at room temperature. Fluorene and phenathrene had 
reached apparent equilibrium by 7 days and pyrene by 14 days. Thus, a 14  day 
time period was chosen to measure the influence of temperature on sorption 
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Figure 17.  The variation of distribution coefficients with temperature for sorption of fluorene 
(Fluo), phenanthrene (Phen), and pyrene (Pyr) on the geosorbents: ♦ sediment, ,._ peat, ■ 
Allivar soil, • Poinsett soil, and x Hetland soil. The open labels correspond to the extracted 
samples. The error bars represent the absolute standard deviations. 
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3.1. Distribution coefficients. The equilibrium distribution coefficients 
decreased as the temperature increased from 10° to 40°C (Figure 17) for most of 
the samples. The exceptions were the values corresponding to pyrene at 10°C, 
and to a lesser extent for phenanthrene at the same temperature. These 
variations are not attributed to experimental error because the pyrene 
experiments were repeated three times and the same trend was noticed. This 
same pattern was also noticed by Wauchope et al. (1983) for sorption of 
naphthalene on a loam soil (1 % w/w organic carbon) and by Mills and Biggar 
( 1 969) for sorption of y-hexachlorocyclohexane on a clay soil. The Kct values for 
fluorene sorption on sediment, whole and extracted, were not determined 
because the changes in solution activity upon sorption were within the range of 
experimental errors. 
The Kct values obtained for pyrene were greater than for phenanthrene 
and fluorene in all samples: between 5.7 and 4.7 times that of phenanthrene and 
between 22 and 16 times that of fluorene for whole and extracted sediment and 
mineral soils respectively. The differences were four times less for peat samples, 
either whole or extracted. 
The equilibrium distribution coefficients for extracted samples were up to 
approximately 1. 7 times higher than for whole samples for the majority of the 
geosorbents and PAHs studied. In some cases, such as for pyrene, no 
significant difference were obtained between extracted and whole samples for 3 
out of the 5 geosorbents studied. 
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3.2. Organic carbon normal ized distribution coefficients. The equilibrium 
distribution coefficients for fluorene, phenanthrene and pyrene were normalized 
to the organic carbon content of the soils (Kdoc)- The temperature dependence of 
�oc is shown in Figure 18. 
The � values for both the whole and extracted geosorbents can be 
grouped into three categories based on organic matter content: sediment < 
mineral soils < peat (see Figure 17). These groupings disappear when the Kd 
values are normalized for organic carbon content, with the resulting �oc values 
separating into two groups: whole < extracted samples. 
3.3. Thermodynamic parameters. Figure 19 presents the free energy change 
for fluorene, phenathrene and pyrene sorption. The values are calculated using 
the � values (Figure 17) and equation (3). 
The sorption free energy change was negative for all samples indicating 
that all three PAHs prefer sorption to the geosorbent over solution. The values 
become more negative in the order: fluorene, phenanthrene, and pyrene. The �G 
values for extracted samples were generally slightly more negative than for the 
whole samples. 
The sorption enthalpy and entropy change values are presented in Table 
9. By integrating van't Hoff equation and assuming �H is independent of 
temperature, the plot of lnKd vs (1/T) will give a straight line with the slope equal 
to (-�H/R). The temperature interval where van't Hoff plots were linear was 10 to 
40°C for all cases except pyrene where the 20° to 40°C temperature interval was 
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Figure 1 8. The variation of distribution coefficients, normalized to organic carbon content, with 
temperature for sorption of fluorene (Fluo), phenanthrene (Phen), and pyrene (Pyr) on the 
geosorbents: ♦ sediment, A peat, ■ Allivar soil, • Poinsett soil, and x Hetland soil. The open 
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Figure 1 9. The variation of �G with temperature for sorption of fluorene (Fluo), phenanthrene 
(Phen), and pyrene (Pyr) on the geosorbents: ♦ sediment, ..._ peat, ■ Allivar soil, • Poinsett 
soil, and x Hetland soil. The open labels correspond to the extracted samples. The error bars 
represent the absolute standard deviations. 
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Table 9. Enthalpy and entropy change associated with sorption process. 

















- 6.4 ± 2.0a§ 
- 1 0 . 1  ± 3.0a 
- 9.0 ± 2.4a 
- 20.7 ± 3.4a 
- 9.3 ± 2.4a 
- 1 4.4 ± 4.0a 
- 1 2 .0 ± 3.0a 
- 1 0.3 ± 3.2a 
- 24.9 ± 1 . 1 a  
- 2 1 . 7  ± 7.0a 
- 1 0.7 ± 6.0a 
- 6 .8 ± 4.0a 
- 1 6.0 ± 8.7a 
- 20.2 ± 1 .3a 
fluorene 
na 
- 1 2.6 ± 1 .2b 
- 1 3.3 ± 2.6a 
- 1 7.7 ± 1 .7b 
- 27.9 ± 3.4b 
na 
24.2 ± 7.5 
1 1 .4 ± 3.4 
1 3.9 ± 3.6 
- 6.0 ± 0.9 
phenanthrene 
- 1 3.2 ± 7.0a 
- 20.7 ± 3.6b 
- 1 9.5 ± 0.9b 
- 20.5 ± 1 .3b 
- 33.6 ± 1 .9b 
pyrene 
- 20.5 ± 8.0a 
- 1 1 .3 ± 3.6a 
- 1 8 .7 ± 8.0b 
- 22.5 ± 9 . 1 a  
- 3 1 . 1  ± 3.6b 
9.4 ± 2.4 
8.6 ± 2.9 
1 6.2 ± 4.0 
20.6 ± 6.4 
- 1 0.3 ± 2.5 
- 1 8 . 1  ± 5.8 
36.3 ± 1 8.0 
47.5 ± 28.0 
1 6.3 ± 1 1 .0 
9.9 ± 1 .6 
na 
8.6 ± 0.8 
5.5 ± 1 .0 
- 7 . 1  ± 0.7 
- 26.5 ± 2.0 
- 0.4 ± 1 . 3  
- 6.8 ± 1 .2 
- 3.6 ± 0.2 
- 7.7 ± 0.5 
- 38.3 ± 4 .5 
- 7.4 ± 2.9 
36.2 ± 1 1 .6 
1 1 . 1  ± 4.9 
- 2.5 ± 1 .2 
- 26.5 ± 3.6 
t SD, San Diego sediment; PS, poinsett soil; AS, Allivar soil; HS, Hetland soil; GP, 
Guanella Pass peat. 
:t: Not available. 
§ Average and standard deviations. Values in a row followed by the same lowercase letter 
are not significantly different (95% confidence interval). 
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considered. All t.H values are negative, indicating the sorption processes for all 
three PAHs are exothermic. The low organic carbon content samples showed t.H 
values in the same range. The peat, with the highest organic carbon content, 
showed values consistently more negative. 
The most important feature of the sorption enthalpy data is the difference 
between whole and extracted samples. There was a significant difference for 9 of 
the 14 samples and in those cases sorption onto extracted samples is between 
1.3 and 2.5 times more exothermic than for the whole samples. 
The entropy changes, calculated using equation (4), were temperature 
independent so the values presented in Table 9 represent the average value 
over the temperature interval. The entropy changes accompanying PAH sorption 
decreases for the extracted samples. The values either become smaller or more 
negative than the values calculated for the whole samples. 
4. Discussion 
4.1. The influence of l ipids. All the data indicate that the lipid fraction has an 
important role in the sorption of PAHs. The present results not only support the 
conclusions of Kohl and Rice (1999), but also demonstrate that the interaction of 
PAHs with soil and sediment organic matter in the absence of extractable lipids is 
stronger. Moreover the mechanisms involved may be different, changing from 
partitioning to a more specific sorption mechanism. 
After extracting the lipids, the organic carbon content of the soils 
decreased by 2 % to 9 % (Table 7). The decrease in the aliphatic carbon peak (0 
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- 50 ppm) in NMR spectra (Figure 7) shows that lipid extraction decreases the 
amount of aliphatic carbon present in the geosorbents. The extraction procedure 
does not leave any trace of benzene or methanol in the sample (Kohl and Rice, 
1999) nor does it change the surface area determind by B.E.T. adsorption 
isotherms {Table 10). Moreover, when the extraction procedure is applied to 
material that does not contain lipids, such as activated carbon, it does not 
change sorption behavior. Ding and Rice (2004) have demonstrated this for the 
sorption of naphthalene on activated carbon. 
The Kl values presented in Figure 17 indicate that removing the lipids 
increases the amount of PAH sorbed. Depending on the location of lipids in the 
NOM matrix their removal could either generate new sites for adsorption or open 
the path to partitioning of PAHs into hydrophobic pools with higher affinity that 
were previously inaccessible to the sorbate. The effect on Kl will be the same in 
each case because Kl is an apparent equilibrium constant that accounts for all 
processes occurring during sorption. However, the increase in the sorption 
exothermicity for extracted samples favors an assumption that competitive 
adsorption exists between PAH and lipids. The magnitude of the sorption 
enthalpy changes for both whole and extracted samples are in the range of weak 
forces such as physical adsorption (Hasset and Banwart, 1998), van der Waals 
forces (0 - 9 kJ/mol) and H-bonding (16 - 22 kJ/mol). 









10.05 ± 1.48 
8.82 ± 0.70 
10.47 ± 1.93 
35.75 ± 0.20 
Guanella Pass peat 10.96 ± 0.40 
Area (m2/g) 
After extraction 
9.59 ± 0.19 
9.37 ± 1.63 
10.67 ± 1.12 
35.04 ± 0.37 
11.50 ± 1.76 
8 1  
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The difference in enthalpy changes between whole and extracted samples 
may be due to a more specific adsorption process. I f  it is assumed that the lipids 
were initially adsorbed onto the NOM surface and occupying sites that have 
different energies, then extraction of lipids will free the high-energy sites in 
addition to the low-energy ones. The high-energy sites will then become 
available for the incoming sorbate (the PAH) and the interaction will be stronger 
compared to the geosorbents where those sites are occupied by lipids. This 
sorption is also supported by the gain in sorption entropy for whole samples and 
the loss in sorption entropy for extracted ones. The positive entropy values, 
typically observed in interactions resulting from the hydrophobic effect, are most 
likely due to the loss of the structured water surrounding the sorbate (Tanford, 
1980). The negative entropy should be due to the rigid binding of the molecules 
adsorbed to the surface. 
4.2. Possible mechanism of sorption. In spite of some similarities, a simple 
partitioning model can not account for the differences between the whole and 
extracted samples. Koc values can be predicted by empirical equations based on 
the octanol/water partition coefficients (Grathwohl and Kleineidam, 2000): log Koc 
= 0.807109 Kow + 0.068 (for log Kow between 2.4 and 7.4). The values obtained 
were 3.4, 3.7 and 4.2 for fluorene, phenanthrene and pyrene respectively. The 
log Koc values obtained from our data were between 3.8 and 4.4, between 4.4 
and 5.0 and between 4.5 and 5.6 for fluorene, phenanthrene and pyrene, 
respectively. The predicted values slightly underestimate the experimental 
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distribution of the PAHs on the geosorbents studied, and the difference may be 
due to either the presence of another mechanism or simple prediction error (Piatt 
et al., 1996). However, according to the partition model, the sorptive uptake of a 
compound out of the aqueous phase positively correlates with the amount of 
organic matter in the sorbent (Chiou et al., 1998), which is the opposite of the 
behavior that we have observed with the extracted samples. The increase in 
exothermicity also cannot be explained by a simple partitioning theory that treats 
all the solid-phase organic matter as qualitatively equivalent with regards to its 
interactions with hydrophobic organic contaminants under hydrated conditions. 
These observations, along with the data of Kohl and Rice (1999) that 
show an increase in nonlinearity of sorption isotherm for extracted samples, 
indicate that a partitioning mechanism alone cannot be considered as the 
mechanism of sorption. 
The implicit-adsorbate model offers a better explanation for the possible 
role of lipids in the sorption of hydrophobic organic contaminants in natural 
systems. The extracted lipids can be the unspecified organic substances referred 
to as the "implicit adsorbate" by Curl and Keoleian (1984). The increase in both 
adsorptive capacity and sorption exothermicity as the lipids are removed is 
consistent with the implicit-adsorbate model. According to this model, the 
partition coefficient determined in the presence of the implicit adsorbate is always 
less than the true partition coefficient, which is determined in the absence of the 
implicit adsorbate. In our case this corresponds to the observation that the 
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partition coefficient for the whole samples is less than for the extracted ones. 
According to the "implicit adsorbate" model, competitive sorption between the 
incoming and the implicit adsorbate will determine less exothermic or even 
endothermic processes. This is consistent with the decrease in exothermicity we 
observed for the whole samples compared to the extracted ones. 
5. Conclusions 
This study provides evidence that lipids present in NOM can compete with 
PAHs for specific sorption sites. The increase in sorption capacity, the increase 
in exothermicity, and a possible change in sorption mechanism suggest that the 
removal of lipids frees sites that possess relatively high energy. Those sorption 
sites would be accessible to an incoming PAH molecule. The result would be a 
more specific interaction between the PAHs and the geosorbent NOM. 
The sorption model that best fits this competition between lipids and PAHs 
for the same sorption sites is referred to as the "implicit-adsorbate" model (Curl 
and Keoleian, 1 984 ). Lipids may be identified as an implicit-adsorbate in 
geosorbent NOM based on the experimental data presented in this study. 
Chapter VI 
STUDIES OF GLASS TRANSITION IN NATURAL ORGANIC MATTER BY 
SOLID-STATE NMR AND THERMAL ANALYSIS 
1. Introduction 
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The existence of a glass transition in natural organic matter has 
implications for the understanding of its structure as well as on the prediction of 
contaminant fate in natural environments. Understanding the mechanisms that 
control the availability of contaminants in a natural system is fundamental for the 
efforts to design and apply remediation strategies (Loehr, 1999). 
A glass transition is characteristic of amorphous and semicrystalline 
polymers. It represents the transition from a glassy state to more liquid-like, 
rubbery state. The glassy state is characterized by a decrease in mobility or the 
loss of translational motion and restriction of rotational motion at the atomic level. 
The key parameter in this transition is T9 , the glass transition temperature, 
defined as the temperature above which the polymers exist in the rubbery state. 
The methods to determine T9 actually measure the change in a polymer property 
upon glass transition. The most commonly used methods are thermal analysis 
methods that measure changes in heat capacity or free volume, such as 
differential scanning calorimetry (DSC), dynamic thermal analysis (OTA), 
dynamic mechanical thermal analysis (DMTA) and dynamic mechanical analysis 
(OMA). However, thermal analysis methods give limited information about the 
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mechanism of the glass transition, so complementary methods such as nuclear 
magnetic resonance (NM R) are used. Relaxation parameters such as spin-lattice 
relaxation time (T 1 ) ,  spin-spin relaxation time (T 2), and rotating frame relaxation 
time (T 1 p) for proton and carbon are used to monitor the motional properties of 
polymer molecules (Lyerla, 1986). 
Because of the complex nature of NOM, determination of glass transition 
by multiple, independent methods is recommended (Delapp and LeBoeuf, 
2004 ). This study looks into the existence of a glass transition in NOM by using 
solid-state NMR and differential scanning calorimetry (DSC). The methods are 
initially tested on a synthetic polymer, poly(benzyl)methacrylate. 
2. Experimental section 
Materials. The samples used in this study were the IHSS sample Gascoyne 
leonardite (Lot no. BS104L), and poly(benzyl)methacrylate (PBzMA). The 
polymer was purchased from Sigma-Aldrich and used as received. The PBzMA 
purchased has an average molecular weight of 70,000 and a glass transition 
temperature of 54 °C as reported by the manufacturer. 
Differential scanning calorimetry. Differential scanning calorimetry (DSC) is a 
thermal analysis method that measures the difference in energy input required to 
maintain a sample cell and a reference cell at the same temperature while 
scanning a preset temperature range. A signal proportional to the difference in 
heat flow between sample and reference is recorded. When a glass transition 
occurs, the discontinuity in the heat capacity causes a discontinuity in the 
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observed heat flow signal. The DSC experiments were performed using a 
Shimadzu DSC-50 differential scanning calorimeter. Approximately 1 O mg of dry 
sample was crimped into aluminum pan and heated up to 110°C at a rate of 
10°C/min under a helium flow of 50 ml/min. The glass transition temperature was 
determined using the TA - 50WSI Thermal Analysis System Software supplied 
with the instrument. 
Variable temperature solid-state 1 3C-NMR. The 13C relaxation measurements 
as a function of temperature were performed on a Bruker Avance 300 
spectrometer operating at a frecquency of 75 MHz. Samples were packed in 
4mm rotors and were spun at a speed of 8,000 Hz. 1 3C T1 relaxation times were 
measured by using the CP/T 1 - TOSS pulse sequence (Mao et al. ,  2000) 
described in Chapter 3. A total of 512 - 2048 acquisitions were accumulated 
depending on the signal/noise ratio, for a set of 8 different T 1 c filter times. The 
T1 c filter time was increased from 500 µsec until the intensity of every peak in the 
CP/T 1 - TOSS spectrum had decayed to less than 25% of its height in the 
reference spectrum (obtained at 500 µsec). The relaxation experiments were 
performed at temperatures ranging from 23°C to 70°C for the polymer and from 
23°C to 85°C for the leonardite sample. Signal decay was described by a 
monoexponential equation at all temperatures at which measurements were 
taken. T/ was estimated from semilog plots of intensity versus time by linear 
least-squares regression analysis. 
Quantitative solid state 1 3C NMR. Quantitative analysis of samples was 
performed by DPMAS at high rotation speeds (13 kHz), combined with a T 1 c 
correction obtained from a CP/T1 - TOSS experiment (Mao et al.2000) (see 
Chapter 3). 
3. Results and Discussion 
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The choice of leonardite as the natural organic matter bulk sample used in this 
study was determined by (i) the high amount of organic carbon; (ii) the literature 
report of a glass transition ; and (iii) the existence of a transition in the DSC 
thermogram performed in this study. 
The fully-relaxed DPMAS spectra of the PBzMA and leonardite samples 
are presented in Figure 20. The polymer has distinct resonances in the chemical 
shift area characteristic of methyl carbon (10 - 25 ppm), methoxy, quaternary 
and complex aliphatic carbons (35 - 60 ppm), aromatic carbons (120 - 145 ppm) 
and ester carbons (162 - 190 ppm). The leonardite spectrum has broader peaks 
than the polymer and shows resonances in four major chemical shift areas that 
correspond to methylene carbon in simple aliphatics (25 - 35 ppm), aromatic 
carbon (120 - 145 ppm), phenolic carbons (145 - 162 ppm) and carboxyl, esters 
carbons (162 - 190 ppm). 
Poly(benzyl)methacrylate. Figure 21 illustrates the signal decay with the filter 
time used for the PBzMA at 55°C and the semilog plot used to determine the 
relaxation time. The T 1 c values were calculated for methoxy, quaternary, 
complex aliphatic and aromatic carbon corresponding to 42 ppm, 52.8 ppm, 
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Figure 20. 13C DPMAS NMR spectra for poly(benzyl)methacrylate (PBzMA) and 
leonardite. 
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Figure 21. 13C NMR T/ relaxation data (upper graph - intensity versus time, 
bottom graph - semilog plot) for poly(benzyl)methacrylate (PBzMA). The slope of 
the line in semilog plot represents (-1/T 1 c). 
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Figure 22. Variation of 13C spin-lattice relaxation times for poly(benzyl) 
methacrylate (PBzMA) with temperature. 
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64 ppm and 123 ppm chemical shift. The T1 c for methyl carbon (10 - 25 ppm) 
and ester carbon (162 - 190 ppm) were not used because these resonances 
could be followed over only a limited temperature range. The variation of T1 c with 
temperature for all four carbon-types of PBzMA is presented in Figure 22. 
All these curves show a constant decrease in relaxation time with increasing 
temperatures up to approximately 60°C. This constant decrease is followed by a 
sudden decrease in relaxation time over a 5 to 10°C temperature interval. After 
this, the relaxation time is essentially constant. It is hard to say how the T1 c 
values varies after the sudden decrease because of the limited number of points 
in that temperature range. 
Because the relaxation time is an indication of molecular mobility, its 
sudden variation with temperature could indicate the transition between glassy 
and rubbery states of the polymers. The transition temperature was estimated 
from each curve in Figure 22 as the midpoint of the temperature interval where 
the sudden decrease of the relaxation time occurs. The value of 59 ± 4 °C is 
obtained by averaging the relaxation time values corresponding to all four carbon 
types considered. 
Figure 23 presents the DSC measurement for the polymer sample. 
Because the glass transition is observed as the change in heat capacity, it will be 
represented as a base line shift on the DSC thermogram (Wunderlich, 1981 ). 
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Figure 23. DSC thermogram for poly(benzyl)methacrylate (PBzMA). 
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by the onset or endset temperatures . The estimated glass transition temperature 
for PBzMA is 62 ± 2°c. 
The transition temperature determined from relaxation measurements (59 
± 4 °C) is similar, within experimental errors, to the value determined by DSC (62 
± 2°C) and close to the temperature reported by the manufacturer (54°C). 
IHSS Gascoyne leonardite. Figure 24 illustrates the signal decay with the filter 
time for the leonardite at 60°C and the semilog plot used to determine the 
relaxation time. The T 1 c values were calculated for aliphatic and aromatic carbon 
corresponding to the 30 ppm and 123 ppm chemical shifts. The variation of T 1 c 
with temperature for the two carbon types is presented in Figure 25. All these 
curves show a constant decrease in relaxation time with increasing 
temperatures. No discontinuity occurs in the relaxation time decrease over this 
temperature interval. Thus, the relaxation measurements do not support the 
existence of a glass transition in leonardite sample. 
The only literature report of a glass transition occurring in the leonardite 
sample was reported for this sample by Delapp and LeBoeuf (2004b) at 70°C. 
Figure 26 presents the DSC measurement for the leonardite sample in this study. 
A thermal event is seen at 78°C which could be due to glass transition or, 
considering the complexity of the sample, to other thermal transitions such as 
melting of crystallites present in the leonardite. 
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Figure 24. 13C NMR T1c relaxation data (upper graph - intensity versus time, 
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Figure 26. DSC thermogram for leonardite. 
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4. Conclusions 
This study shows that relaxation studies by solid-state NMR can be used to 
determine the glass transition in amorphous polymers. The glass transition 
temperature so determined is in good agreement with the values determined by 
other methods such as thermal analysis. When applied to leonardite, a natural 




GLASS TRANSITION AND CRYSTALLITE MELTING IN NATURAL ORGANIC 
MATTER 
1. Introduction 
The macromolecular concept developed to explain the non-ideal behavior 
of hydrophobic organic contaminant interactions with NOM, views NOM as 
consisting of two different sorption environments, a rubbery (expanded, fluid-like) 
domain and glassy (condensed, relatively rigid) domain (Pignatello, 1988; Young 
and Weber, 1995; Pignatello and Xing, 1996; Weber and Huang, 1 996; LeBoeuf 
and Weber, 1997, 1999). Initially based on the similarities between the sorption 
of organic contaminants on NOM and on synthetic polymers, the macromolecular 
concept of NOM was later supported by the apparent discovery of a glass 
transition in different humic and soil samples. A glass transition was first 
apparently reported for Aldrich humic acid (LeBoeuf and Weber, 1997), followed 
by other humic and fulvic acids of terrestrial and aquatic origin (LeBoeuf and 
Weber, 2000, 2001; Young and LeBoeuf, 2000; Delapp et al., 2004a), for 
biopolymers such as lignin (LeBoeuf and Weber, 2000), as well as whole soils 
and sediments (Schaumann and Antelmann, 2000; Delapp and LeBoeuf, 
2004b ). The glass transition temperatures reported lie in  a 40° - 80°C interval and 
the change in specific heat capacities range between 0.0003 and 0.03 J g-1 0c-1
. 
By employing an advanced thermal analysis method known as temperature-
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modulated differential scanning calorimetry (TMDSC), Delapp and LeBoeuf 
(2004b) reported multiple glass transitions for Elliot silt - loam and the Pahokee 
peat, behaviour similar to that observed for poly(methyl methacrylate). Based on 
this similarity, Delapp and LeBoeuf (2004b) concluded that multiple glass 
transitions in NOM might be due to either side-chain mobility or to various 
coexisting macromolecules. Moreover the same samples show lower 
temperature transitions of unknown origin. The authors speculate that it can be 
due do either crystalline melting or to the softening of the matrix, but suggested 
that more tests needed to be done to determine the origin of these transitions. 
The idea of a crystallite melt should not be surprising, especially after Hu 
et al. (2000) reported the existence of semicrystalline polymethylene chains in 
soil organic matter. The melting temperature of those crystallites is approximately 
70°C, in the same range as the reported glass transition temperatures typically 
reported for NOM. Without identifying the origin of the crystalline domains, the 
authors suggested that the polymethylene chains may be derived from aliphatic 
biopolymers such as cutan or suberan. 
A distinction between crystallite melts and glass transitions is usually easy 
to obtain by differential scanning calorimetry since each transition shows a 
different thermal pattern. This is true for homogeneous systems but in the case of 
heterogeneous systems such as NOM making a distinction between the two 
transitions becomes more challenging. However, the ability to make such a 
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distinction between the various possible transitions occurring in NOM is important 
because of its impact on our understanding of NOM structure and organization. 
In this study we address the problem of glass transition versus crystallite 
melting in NOM using a different approach. We have used classical methods of 
monitoring thermal transition, such as differential scanning calorimetry, but 
analyzed the NOM samples with and without the presence of crystallites. 
2. Experimental section 
Materials. The materials used in this study consisted of the IHSS Pahokee peat 
(Lot no. BS103P) and Gascoyne leonardite (Lot no. BS104L). A second peat, 
referred to as the Guanella Pass (GP) peat, was collected from a boggy soil in 
central Colorado (Kohl and Rice, 1999). Its humic acid fraction was extracted by 
the traditional alkali extraction method. All samples were air dried and sieved to 
pass a 2 mm mesh before any treatment was applied to them. 
When used with no further treatment the samples are referred to as the 
"whole" samples. After removing the crystalline components (actually contained 
in the lipid fraction) by solvent extraction, samples are referred to as "extracted". 
The lipid extraction procedure is described in detail elsewhere (Kohl and Rice, 
1999). Briefly, the soil samples were extracted with a benzene-methanol 
azeotrope (3:1, v:v) for 72 hours in a Soxhlet apparatus. The amount of 
extractable lipids was determined by weight after evaporation of the extraction 
solvent. The organic carbon and lipid contents of the samples are presented in 
Table 11. 
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Solid-state 1 3C NMR. The 13C NMR experiments were performed on a Bruker 
Avance 300 spectrometer at a 13C frequency of 75 MHz. The whole and 
extracted samples were characterized by quantitative 13C NMR using DPMAS at 
high rotation speeds (13 kHz), combined with a T/ correction obtained from a 
CP/T1 - TOSS experiment (Mao et a/.2000). The recycle delays used for DPMAS 
were individually determined for each sample, and were between 2 sec and 12 
sec. In addition to room temperature, the DPMAS experiments for the lipid 
fractions were also performed at high temperature, 80°C for the leonardite lipid 
fraction and at 75°C for the other lipid fractions. The spinning speed was 13 kHz 
for room temperature experiments and 3 kHz for variable-temperature 
experiments. 
Differential Scanning Calorimetry. The differential scanning calorimetry (DSC) 
experiments for the lipid fractions were performed using a Shimadzu DSC-50 
differential scanning calorimeter equipped with a L TC-50 low temperature-cooling 
unit. Approximately 10 mg of dry sample was crimped into an aluminum pan. The 
lipid samples were cooled to -60°C with liquid nitrogen and than heated up to 
250°C with a heating rate of 10°C/min under a helium flow of 50 ml/min. The 
DSC thermograms for the whole and extracted samples were obtained on a 
Shimadzu DSC-60 differential scanning calorimeter. Between 20 and 40 mg of 
sample were crimped in aluminum pans and heated under a nitrogen flow (50 
ml/min) at 10°C /min from room temperature to 110°C, holding for 30 minutes to 
remove the water. The samples were than cooled at 10°C/min to -30°C and 
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Table 11. Total organic carbon percent (w /w) in whole samples and the organic 
carbon percent contained in lipid fractions. 
Sample TOC % Lipids % 
Guanella Pass peat 26.2 8.54 
Guanella Pass peat humic acid 56. 8 5.01 
IHSS peat 45.7 1.61 
Leonardite 49.2 1 3.20 
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heated again with 10°C/min to 110°C. All the DSC experiments used an empty 
pan of the same type as the sample pan as a reference. All thermograms had the 
baseline substracted from the data recorded. The area under the peak gave the 
enthalpy associated with the thermal event; the temperature and enthalpy 
measurements were calibrated with indium. The thermograms presented were 
reproducible for at least ten different samples of the same material. 
X-ray diffraction. The X-ray diffraction measurements were conducted on a 
Rigaku DMAX-B diffractometer using Cu-K0 radiation. Data were acquired from 
5° to 60° angle at a scan rate of 1 °/min. The volume of the lipid fractions was not 
sufficient to completely fill the frame of the sample holder so the background 
XRD pattern was also recorded. A low-density polyethylene (LOPE) sample was 
measured for comparison with lipid samples. 
3. Results and Discussion 
3.1 . Identification of crystal lites in NOM. Natural organic matter in soils 
contains humic substances that on average constitute between 70-80% of the 
total organic matter (Stevenson, 1982; Schnitzer, 1991; Riederer, 1993; Piccolo, 
2001 ). The lipid fraction in soil, including the extractable lipids and biopolymers 
such as cutin and suberin, is assumed to be responsible for a significant portion 
of the aliphatic nature of the soil organic matter (Riederer, 1993). The lipids in 
soil, both of plant and microbial origin, exhibit a wide range of chemical structures 
and physical-chemical properties. The free or extractable lipids are composed of 
low molecular lipids, fats and waxes which can be extracted by conventional 
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solvent extraction methods (Ziegler, 1989; Ziegler and Zech, 1989). There is also 
a fraction of soil lipids that is resistant to direct solvent extraction. This fraction 
contains lipids that may be trapped i n  the soil organic matter matrix (Knabner, 
2000; Lichtfouse, 1998; Rice, 1989, 1990; Kohl and Rice, 1999), and consists of 
fatty acids, n-alkanes and n-alkenes as well as aliphatic biopolymers such as 
cutin, suberin or cutan, suberan. The last two biopolymers were considered to be 
the possible source of polymethylene (CH2)n components with semicrystalline 
character reported by Hu et al. (2000). Their study was carried on whole samples 
that contained extractable lipids. As was mentioned before, this fraction also 
contains natural waxes, which are known to have crystalline components (Dorset 
1997). With this recognition is important to first look at the contributions of 
extractable lipids to the crystalline components in NOM. Figure 27a shows the 
DP/MAS 13C NM R spectra of the whole Guanella Pass peat and its humic acid, 
and the IHSS peat and leonardite samples. The aliphatic component represents 
between 16 % and 36 % of total organic carbon (integration of the O - 50 ppm 
chemical shift region in each spectrum). The aliphatic region of the spectra is 
dominated by the 30 - 33 ppm resonances which are characteristics of long 
chain polymethylene structures (Hatcher et al. , 1979; Kogel-Knabner et al. , 1992; 
Hedges and Oades, 1997; Hu et al. , 2000). This region shows two separate 
peaks with a chemical shift difference of 2.7 ± 0.1 ppm. The upfield resonance 
corresponds to the noncrystalline component and the downfield resonance to the 
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Figure 27. DPMAS 13C NMR of Guanella Pass peat (GP), Guanella Pass peat humic acid (GP HA), IHSS 
peat and leonardite before (a) and after (b) lipid extraction. 
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crystalline components of the polymethylene structures (Hu et al., 2000; Earl and 
VanderHart, 1979; Kitamaru et al., 1986). 
After solvent extraction, the aliphatic region of the spectra not only 
decreases in intensity but also does not show the characteristic two peak 
structure of semicrystalline (CH2)n chains (Figure 27b). The aliphatic component 
left in the soil organic matter after solvent extraction still contains long chain 
polymethylene structures from the presence of the resonance at 30 ppm which 
now alone dominates the aliphatic chemical shift region. The downfield peak (at 
33 ppm chemical shift), corresponding to the crystalline components of 
polymethylene structures, is no longer present in the spectra. This indicates that 
the compounds responsible for the crystalline contributions of the sample's 
organic matter have been removed by solvent extraction, and thus are 
concentrated in the lipid fraction. 
3.2. Confirmation of l ipid fraction's crystal l ine character. Figure 28 shows 
the DPMAS 13C NMR spectra for the lipid fractions extracted from the Guanella 
peat and its humic acid, the IHSS peat, and the IHSS leonardite. The two peaks 
corresponding to crystalline (33 ppm) and noncrystalline (30 ppm) polymethylene 
structures are better resolved for the lipid fractions than for the whole geosorbent 
samples. The presence of crystalline components is supported by the X-ray 
diffraction experiments presented in Figure 29. Examination of all lipid fraction 
diffractograms show the same XRD pattern as the polyethylene sample which is 
is dominated by two strong Bragg reflections, indexed as (110) and (200) 
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reflections that appear at 28 = 21.5° and 23.8° respectively, and several other 
lines characteristic of the orthorhombic cell of long-chain normal paraffin 
hydrocarbons (Bunn, 1939). The IHSS and Guanella Pass peat lipid fraction 
diffractograms show other distinct reflections such as those indexed as (020) and 
(310) reflections which appear at 28 = 35.9° and 40. 1° respectively. The 
leonardite lipid fraction shows only the 28 = 21.5° and 23.8° reflections. The 
presence of the narrow peaks in the XRD patterns confirm the existence of the 
crystalline components in the lipid fractions extracted from the whole materials as 
well as from humic acid sample. 
3.3. Melting of crystallites. Variable temperature NMR experiments (Figure 30) 
reveal the melting behavior of the crystallites. At high temperatures (80°C for 
leonardite and 75°C for the rest of lipid fractions) the signals of the crystalline­
phase (33 ppm) decrease and the signal from amorphous phase (30 ppm) 
increase and become sharper due to increased mobility. The thermal behavior of 
the lipid fractions between -60°C and 250°C is presented in Figure 31. 
The thermograms indicate important and significant thermal events for all the 
lipid fractions investigated. An endothermic transition occurs at low temperature, 
between 50°C and 90°C, with two minima corresponding to the melting of at least 
two distinct families of components. A melting peak is sharp for pure compounds 
but becomes broad or contains multiple peaks when impure samples and 
mixtures are analyzed. 








Figure 28. DPMAS 13C NM R of lipid fractions extracted from Guanella Pass peat 
(GP), Guanella Pass peat humic acid (GP HA), IHSS peat and leonardite. 
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Figure 29. X-ray diffractogram of lipid fractions extracted from Guanella Pass 
peat (GP), Guanella Pass peat humic acid (GP HA), IHSS peat and leonardite as 
well as the diffractogram for low density polyethylene (LOPE) and empty sample 
holder. 
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A broader endothermic event is present at higher temperatures, starting at 
120°C, for lipid fractions extracted from the leonardite and the peat humic acid. 
The thermograms for these fractions suggest that a more heterogeneous mixture 
of compounds is present. The melting temperatures and the associated enthalpy 
are presented in Table 12. 
The thermograms in Figure 31 show the same pattern as one reported in 
the literature for plant cuticular membranes containing the cutin matrix and 
cuticular waxes. Luque and Heredia (1997) showed that the waxes deposited on 
the outer surface of the membrane have only a crystalline nature and the waxes 
distributed into the polymer matrix (cutin) have both amorphous and crystalline 
components. The melting peaks are due to the melting of aliphatic components 
but the exact temperature depends on the origin and nature of the wax mixture. 
The presence of wax components such as n-alkanes, fatty alcohols and acids, or 
wax esters are characterized by thermograms with melting peaks approximately 
65°C (C31 n-alkane), 75
°C (mixture of hexacosanol and tetracosanoic acid) or 
between 80 - 85°C (C42 - C48 long chain esters) (Casado and Heredia, 1999). 
According to the NMR spectra in Figure 27, the lipid fractions contain 
mainly aliphatic components, that appear similar to polymethylene chains with 
semycrystalline character that are analogous to polyethylene. Simple paraffins 
and waxes have chemical structures similar to polyethylene except that their 
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Figure 30. Variable temperature DPMAS 1 3C NM R of lipid fractions extracted 
from Guanella Pass peat (GP), Guanella Pass peat humic acid (GP HA), IHSS 
peat and leonardite. The spectra were acquired at 75°C with the exception of 
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Figure 31. DSC thermogram for lipid fractions extracted from leonardite (a), 
IHSS peat (b), Guanella Pass peat humic acid (c) and Guanella Pass peat (d). 
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Table 12.  Temperatures and enthalpy of the thermal events observed between O 
and 110°C in the lipid fractions of the geosorbent samples. 
Sample 
Guanella Pass peat 















3.4. Thermal transitions in soil organic matter. Having demonstrated that soil 
organic matter has crystalline components in the lipid fraction (eg. simple 
paraffins or waxes) it is worthwhile to examine how the melting of these 
crystallites impacts the thermograms of the whole samples. Figure 32 presents 
the leonardite thermogram before and after extraction of its lipid fraction. The 
whole sample shows a thermal event at approximately 78°C, similar to the glass 
transition previously reported in the literature for this leonardite sample (Delapp 
and LeBoeuf, 2004b ). This transition also occurs in the same temperature region 
where melting of the leonardite lipid fraction takes place (Figure 31 ). After 
extracting the lipids, leonardite does not show a thermal event in the 0° to 110°C 
temperature interval, suggesting that the peak present in the whole thermogram 
is due to the melting of crystallites present in the lipid fraction. The effect of the 
solvent on the sample matrix was not considered because i) the absence of a 
volatilization peak in DSC thermograms indicates no solvent was left in the 
sample, and, ii) any irreversible effect caused by the solvent extraction would 
have been reversed by preheating the sample at 110°C (Lu and Pignatello, 
2002). If we consider the enthalpy associated with the melting occurring in the 
leonardite lipid fraction (13.14 ± 2 Jig) and the enthalpy associated with the 
melting occurring for the whole leonardite (440 ± 20 mJ/g), the percentage of 
crystalline components in the whole material may be estimated. For the 
leonardite sample, 3.3 % of the total material (weight %) is represented by 
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Hu et  al. (2000) for the crystalline components in two samples of humin and one 
humic acid, obtained using quantitative solid state 13C NM R. 
The Guanella Pass peat humic acid shows similar trends as the leonardite 
sample. Before extraction, a transition at 61 °C (Figure 33) is observed that is the 
same as the melting temperature for its lipid fraction. After extraction of the lipid 
fraction the transition is no longer present. This was not the case for the IHSS 
and Guanella Pass peat samples. The thermograms for the whole and extracted 
IHSS peat (Figure 34a) do not show any transitions. This may be due to the low 
absolute amount of crystalline material present in the sample; the lipid fraction 
represents just 1.6% of the total organic carbon (Table 1 1 )  which made the 
detection on our instruments difficult. Still, Delapp and LeBoeuf (2004) reported 
a small glass transition for the IHSS peat at 52 ± 7°C, identical, within 
experimental error, to the temperature where the melting peak of lipid fraction 
from the same sample occurs in our study (59 ± 2 °C). 
For the Guanella Pass peat there is a small hint of a thermal event at 
about 45°C (Figure 34b expanded view). This thermal event would be consistent 
with the onset of melting recorded for the lipid fraction of this peat. However, this 
thermal event was much less clear than the event observed for other samples 
(eg., leonardite). The extracted samples of the Guanella peat (Figure 34b) did not 
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Figure 33. DSC thermogram for Guanella Pass peat humic acid before (whole) 
and after lipids extraction (extracted). 
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Figure 34. DSC thermogram for IHSS (a) and Guanella Pass peat (b) before 
(whole) and after lipid extraction (extracted). The inset contain an expanded view 
of the DSC thermogram for the whole Guanella Pass peat. 
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4. Conclusions 
Reports of glass transitions in NOM in the literature have examined samples 
without first extracting lipids. Our study shows the importance of removing lipids 
from NOM in these types of studies. The melting of lipid crystallites occurs in the 
same temperature range as the reported transitions. It can not only mask a real 
glass transition but also lead to misinterpretation of the observed thermal events. 
Care should be taken when conclusions are drawn from whole environmental 
samples analyzed for possible glass transitions because the information will 




The interaction of hydrophobic organic contaminants with NOM is complex 
and depends on the environmental conditions. As was shown in the first part of 
this dissertation, depending on the microflora present in natural materials, the 
interaction might be strong, through chemical bonds, or weak, as a result of 
physical forces. If the right conditions are met for the biodegradation of the 
contaminant then a reactive metabolite is formed. Its potential to form bound 
residues is much higher than for the parent compound. However, the absence of 
biodegradation of hydrophobic contaminants does not mean a lack of interaction 
between those organics and NOM. Weak interactions, in the range of 6 - 18 
kJ/mol, still exist. The mechanism of these interactions is called "sorption" a 
generic name that assume both partitioning and adsorption mechanisms are 
possible. The efforts to model the sorption behaviour of NOM have produced the 
so-called polymeric concept of NOM. This concept is sometimes seen as the only 
alternative to explain the sorption behaviour of NOM rather than being a model 
supported by strong direct evidence. 
The second part of this dissertation shows that there might be other 
alternatives to the polymeric model to explain the sorption behaviour of NOM. 
The theoretical model introduced by Curl and Keoleian ( 1984) offers the basis for 
the existence of both partitioning and adsorption mechanisms. When the 
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concentration of the implicit adsorbate is high then the mechanism will follow the 
partitioning pathway but when the concentration of the implicite adsorbate is low 
the sorption mechanism will be mainly adsorption. The lipid fraction of NOM fits 
well within the conceptual framework provided by the implicit adsorbate model. 
Previous studies (Kohl and Rice, 1999) have show that the presence of lipids 
decreases the sorption capacity and increases the linearity of sorption isotherms. 
This study confirms the decrease in sorption capacity, and has shown a 
decrease in exothermicity, as well as an increase in entropy gain when the lipid 
fraction is present in NOM. The competition between lipids and an incoming 
contaminant for high energy sites in NOM can account for all these observations. 
The implicit adsorbate model, with lipids identified as the implicit adsorbate, 
offers an alternative explanation to polymeric concept for characterizing the 
sorption behaviour of NOM. 
The existence of an alternative explanation is very interesting and begs for 
more investigation to establish the real mechanism of contaminant interaction 
with NOM because of the implications that this model could have on our 
understanding of NOM's structure. Both alternatives assume the existence of 
partitioning and adsorption mechanisms, depending on the specific geosorbent, 
but they differ in the assumptions they made about NOM's structure. The 
polymeric view considers the NOM as a mixture of polymers and the implicit 
adsorbate model does not make any particular assumption about the structure of 
NOM. 
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Just two samples among tens of different geosorbents analyzed by 
thermal analysis showed a thermal event between 0°C and 110°C. The thermal 
transitions seen were small and could not be identified as a glass transition. The 
thermal behaviour was also analyzed by solid-state NMR, method validated with 
a synthetic polymer that undergoes a glass transition below 100°C. This 
technique did not support the existence of the glass transition in the geosorbents 
used. Moreover, the thermal transitions mentioned previously were identified as 
being the endothermic melting of the crystallites. The presence of crystallites with 
melting temperatures around 70°C has been reported in the literature (Mao et al. , 
2000) but has not been previously related to the presence of a so-called "glass 
transition" at the same temperature. 
This study showed that at least for the samples used in this project, the 
melting of crystallites was misinterpreted as glass transition. The crystallites were 
present in the lipid fraction of NOM and humic acid, and I assumed that they are 
in fact natural waxes. This could have an impact on the structure concepts of 
NOM because previously has been considered that the crystalline components 
are part of the humic material component of NOM. Moreover, some studies (Mao 
et al. , 2000) advance the idea that the crystalline components might constitute 
the rigid carbon responsible for the nonlinear sorption. But according to Kohl's 
data (Kohl and Rice, 1999), the removal of lipids increases the sorption 
nonlinearity. This implies that the organic carbon left in NOM after lipid removal is 
more rigid than that extracted in the lipid fraction containing crystallites. This of 
course should be confirmed experimentally, from mobility studies such as 2D 
solid-state NMR. 
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This dissertation has shown that a model of NOM based exclusively on 
data derived from sorption studies is not valid because there are multiple 
explanations to account for what are macroscopic observations. It also has 
shown that the presence of nonhumic materials should be considered whenever 
the conclusions are based on the studies of whole NOM because even though 
they may represent a relatively small proportion of the organic carbon present 
they have significant contributions to NOM's overall characteristics. 
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Figure 1 - 1. 13C DPMAS spectra of clay fraction of sediment (SD), Poinsett soil 
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Figure 1 - 2. 13C DPMAS spectra of silt fraction of sediment (SD), Poinsett soil 
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Figure 1 - 3. 1 3C DPMAS spectra of light sand fraction of Poinsett soil (PS), 
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Figure 2 - 1. DSC thermogram of San Diego sediment and its particle fractions. 
1600 Ea 
1 200 
- 800 3: 
g · ht sand 
u 400 U) -heavy sand 0 
0 
-400 
O 200 400 600 
T (°C) 
800 






























200 400 600 
200 400 600 

















Figure 2 - 3. DSC thermogram of Poinsett soil (PS), Allivar soil (AS), Hetland 














Figure 2 - 4. DSC thermogram of San Diego sediment and its particle fractions 
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Figure 2 - 7. DSC thermogram of Hetland soil and its particle fractions after HF 
treatment. 
